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1. Introduction

1.1. Purpose

This Algorithm Theoretical Basis Document (ATBD) describes the theoretical background,
implementation, and validation plan for the Precipitation Rate and Type algorithm (hereafter
"Precipitation Module") for the Conical-scanning Microwave Imager/Sounder (CMIS).
Atmospheric and Environmental Research, Inc. (AER) has developed this algorithm in support
of the National Polar-orbiting Operational Environmental Satellite System (NPOESS). The
Precipitation Module consists of two independent sub-modules for the retrieval of precipitation

over ocean and non-ocean (i.e., land or sea ice) regions, respectively.

The retrieval products yielded by this algorithm include (1) estimates of near-instantaneous
surface precipitation intensity at the time of the satellite overpass, and (2) characterization of the

surface precipitation as "liquid", "frozen", or "indeterminate".

In addition to describing the theoretical basis for the algorithm design, this ATBD also highlights
numerous unresolved theoretical and practical issues that inherently limit the expected global

performance of any passive microwave rainfall estimation/classification algorithm.

1.2. Scope
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2. Overview and Background Information

2.1. Objectives of the Precipitation Rate and Type EDR retrieval

2.2. Summary of EDR requirements

The required data products are precipitation rate and identification of type as rain or ice. The

requirements in the table below apply under both clear and cloudy conditions.

Table 1: Precipitation EDR Requirements

Para. No. Descripton Thresholds Objectives
C40.3.4-1 a. Horizontal Cell Size 15 km (TBR) 0.1 km
C40.3.4-2 | b. Horizontal Reporting Interval (TBD) (TBD)
C40.3.4-3 | c. Horizontal Coverage Global Global

d. Measurement Range
C40.3.4-4 1. Precipitation Rate 0 - 50 (TBR) mm/hr 0 - 250 mm/hr
C40.3.4-5 2. Precipitation Type rain and ice rain and ice
C40.3.4-6 | e. Measurement Accuracy, Precip. Rate 2 mm/hr 2 mm/hr
C40.3.4-7 | f. Measurement Precision, Precip. Rate 1 mm/hr 1 mm/hr
C40.3.4-8 | g. Correct Typing Probability, Precip. Type (TBD) % (TBD) %
C40.3.4-9 | h. Mapping Uncertainty 3 km 0.1 km
C40.3.4-10 | i. Swath Width 1700 km (TBR) 3000 km (TBR)

2.2.1. Remarks concerning EDR requirements

Precipitation rate refers to the rate of accumulation of water from discrete falling hydrometeors
passing through (or impinging upon) a horizontal surface. As such, precipitation rate is
inherently a stochastic variable that cannot be defined unambiguously in the limit as the time
averaging interval goes to zero. Consequently, the assumption of a finite time averaging
window, either explicit or implicit, cannot be avoided. In the absence of specific requirements,
“true” precipitation rates (for the purpose of defining retrieval accuracy and precision) are taken
in this ATBD to mean actual surface precipitation rates averaged over the horizontal reporting
cell and over a time interval of 10 minutes (TBR), commencing at the time of the satellite
overpass. This time interval allows for the fact that microwave imagers are most directly
sensitive to vertically integrated precipitation amounts in the lower troposphere, and that 10
minutes is adequate for the majority of the falling hydrometeors present in the atmospheric

column at the time of the overpass to reach the surface.

As required for this EDR, precision and accuracy are evaluated for discrete bins of true

precipitation rate, where the bin size is small (e.g., I mm/hr) compared to the measurement
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OVERVIEW AND BACKGROUND INFORMATION

range. The formal requirements for this EDR are interpreted as applying to global data within a
given intensity bin, without regard for surface type, geographic location, or season. However, it
must be emphasized that the difficulty of retrieving precipitation rate and type is inherently
dependent on these three factors (see section 3.3). An algorithm that meets threshold
requirements globally may in fact consistently perform poorly in certain restricted regions.
Issues pertaining to global performance and validation will be discussed further in Section 3.5

and Section 4.

As indicated in Table 1, the Precipitation EDR requirement for measurement accuracy is 2
mm/hr, independent of precipitation rate. Note that this maximum allowable systematic bias is
approximately 17 times the global annual average precipitation rate, implying that precipitation
estimates could meet the accuracy requirement within the lightest intensity bins (e.g., 0-1 mm/hr)

and still be unusable for climatological purpose.

The EDR requirement is for precipitation type to be determined as either "rain" or "ice". Typing
accuracy is given in terms of these discrete choices. In reality, mixtures of snow and rain are not
uncommon. There is therefore an ambiguity in the determination of "correct typing probability."
For the purposes of evaluating performance, AER proposes to treat mixtures of snow and rain as
"ice" and to reserve the designation of "rain" for purely liquid precipitation. In addition, there
will be cases in which a clear determination cannot be made, in which case the designation of
either “ice” or “rain” could be misleading. For this reason, the algorithm will sometimes return a

third classification, “indeterminate.”

The EDR requirements for precipitation typing are stated in terms of "correct typing probability"
(%). Note however that, globally, snowfall constitutes a relatively small fraction of all
precipitation events (weighted by area and time). Therefore an algorithm can exhibit a
comparatively high "correct typing probability" globally even if it erroneously classifies all
precipitation as "rain." A preferred measure of performance would be "correct typing skill", as
quantified by an accepted statistical metric for discrete classification schemes, such as the
Heidke Skill Score. In the case of unequal prior probabilities, a scheme that yields the best skill
will not necessarily yield the best “correct typing probability.” In the development of the
precipitation type module, AER seeks to maximize classification skill while still meeting the

threshold “correct typing probability.”
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OVERVIEW AND BACKGROUND INFORMATION

2.3. Historical and background perspective of proposed algorithm

Algorithms for retrieving rainfall rates from microwave imagery have evolved and multiplied
enormously since their first appearance in 1977. In order to justify the basic approach pursued
by AER for CMIS it is useful to trace the heritage of the proposed methods and to compare and

contrast these with the known alternatives.

2.3.1. Emission-, attenuation- and scattering-based retrievals

The first quantitative satellite microwave rainfall retrieval method was published by Wilheit et
al. (1977). This algorithm estimated rainfall rate by way of increased thermal emission of the
atmosphere viewed against the low-emissivity ocean background at 19.35 GHz. Algorithms of
this type are commonly referred to as "emission-based" algorithms and are generally applicable
to microwave frequencies at and below 37 GHz. Emission-based algorithms are not practical
over land or sea ice, because the surface emissivity is high and variable; therefore, changes in
atmospheric optical depth do not lead to readily discernible changes in microwave radiance. An
additional limitation of emission-based algorithms is that microwave radiances tend to saturate
once the rain cloud becomes optically thick at higher rain rates. Beyond that point, brightness
temperatures may decrease again, leading to an inherent ambiguity in the estimation of

precipitation rate from single-channel brightness temperatures.

Spencer (1986) and Spencer et al. (1989) first elucidated the phenomenological basis for
"scattering-based" rain rate algorithms. According to this general approach, the presence and
comparative intensity of precipitation is inferred via depressions of observed microwave
brightness temperatures (especially at frequencies greater than 37 GHz) relative to a brighter
background. The source of the depression is volume scattering of microwave radiation by
precipitation-size ice particles in the upper portions of clouds. Scattering-based algorithms are
less physically direct in their measure of precipitation intensity than emission-based algorithms,
because not all rain clouds produce ice phase hydrometeors aloft and, in those that do, the
relationship between the concentration of frozen precipitation aloft and surface rain rate is far
from unique. However, notable advantages of scattering-based methods include the following:
(1) they are useful over high-emissivity surfaces, such as bare or vegetation-covered land, and
(2) saturation is not believed to be a serious issue, as increasing rain rates tend to be statistically
associated with ever-increasing concentrations and sizes of frozen particles aloft, leading to

continued reductions in microwave brightness temperature.
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The application of single-channel scattering-based algorithms over water is problematic in that
the ocean background is already radiometrically cold. Therefore, these methods tend to suffer
from the same ambiguities over water that emission-based methods experience over land.
Spencer (1986) proposed an elegant solution to this problem for the case that dual polarization
brightness temperatures are available at a single frequency. The proposed method is based on
the observation that land and non-precipitating clouds tend to be associated with warm, weakly
polarized brightness temperatures whereas the open ocean yields cold, strongly polarized
brightness temperatures. By contrast with both background types, precipitating clouds yield
relatively cold but weakly polarized brightness temperatures. Spencer therefore proposed a
linear combination of the vertical and horizontal channels that is essentially orthogonal to the
radiometric signatures of non-precipitating cloud against an ocean background and also
insensitive to the contrasting emissivity of land and ocean. These ideas were refined by Spencer
et al. (1989) and demonstrated for the 85.5 GHz channels of the SSM/I, which are more strongly
sensitive to scattering by ice in ordinary precipitating clouds than the 37 GHz SMMR channels
utilized by Spencer (1986).

With the advent of the "polarization-corrected temperature" (PCT) algorithm of Spencer et al.
(1989), it became possible to distinguish precipitation against both a land and ocean background
using the same basic estimation method. However, this method still had two drawbacks: (1) the
technique is sensitive to the inconstant relationship between scattering by ice aloft and surface
precipitation rate, and (2) the fixed linear coefficients proposed by Spencer et al. proved
inadequate for global retrievals, because the algorithm did not entirely discriminate precipitation
changes from regional variations in surface and atmospheric temperature, ocean surface

roughness and other sources of cross-talk.

Although modern passive microwave rain rate algorithms have evolved substantially beyond the
pioneering methods described above, all are still dependent on the same basic types of
radiometric evidence for the presence and intensity of precipitation. In general, emission- or
attenuation-based algorithms are regarded as more direct and reliable over open water than
scattering-based techniques, but they are essentially useless over land or sea ice. Scattering-
based methods function over both land and water but are less physically direct, and therefore less
dependable, as indicators of surface precipitation rate. Moreover, scattering-based methods may
have difficulty distinguishing the signature of ice particles aloft from that of surface scatterers,

such as snowpack or desert sand.
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Over water, hybrid methods are possible that combine the best features of both scattering- and
attenuation- or emission-based methods. The history and rationale behind one such algorithm,
which is the foundation for the ocean component of the Precipitation Module for CMIS, is

described in the next subsection.

2.3.2. A polarization-based multifrequency algorithm for ocean precipitation

Petty and Katsaros (1990, 1992) revisited the utilization of polarization information at a single
frequency, focusing not on scattering however but rather on an attempt to improve the
characteristics of emission-type algorithms over water. They noted that rain rate is a double-
valued function of observed single-channel brightness temperature, as utilized in classic
emission-based algorithms such as Wilheit et al. (1977), but a single-valued function of the
polarization difference at the same frequency. This relationship occurs because polarization
differences over the ocean arise primarily from the polarization-dependent emissivity of the
surface; hence, increases in rain cloud optical depth reduce the observed polarization difference
in a monotonic fashion (barring minor polarizing effects of oriented non-spherical ice particles).
Furthermore, Petty and Katsaros found from model calculations that the polarization difference,
expressed as a fraction of the cloud-free (or open-ocean) value, is a nearly invariant function of
the total rain cloud transmittance at the frequency in question. This led them to define a so-
called normalized polarization P, in which the observed polarization difference is divided by the
hypothetical cloud-free polarization difference for the same scene. The cloud-free difference is
either estimated from the highest polarization differences observed within a specified radius of
the pixel in which rainfall was to be retrieved or else can be computed from a forward model
applied to estimated values of environmental parameters, such as surface wind speed and total

column water vapor. The latter has become the preferred approach.
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Figure 1: Utilization of brightness temperature and polarization information over water. Left
panel: brightness temperature as a function of nominal rain rate for selected frequencies, vertical
and horizontal polarization. Middle panel: the normalized polarization P. Right panel: The

scattering index S.

Petty (1994a,b) also refined the Spencer et al. (1989) PCT method by defining a linear
transformation of the 7s computed in terms of P, a cloud-free vertically polarized brightness
temperature 7gyo, and a nominal effective cloud radiating temperature 7c. The result is a so-
called polarization-corrected brightness temperature depression S, which is approximately zero
in the absence of scattering and positive (>10 K) for significant scattering by ice:
S=PTy,,+(1-P)T,.-Ty,

The cloud-free values of the dual-polarized brightness temperatures may be approximated as
functions of column water vapor and surface wind speed, or they may be estimated via a more
detailed retrieval of atmospheric properties coupled with a forward model. The idealized
behavior of both § and P as a function of rain rate is depicted in Fig. 1. These two parameters
effectively decouple the signature of scattering due to ice from that due to attenuation (mostly by

liquid water) of the ocean surface signal through the total atmospheric column.

To summarize, the principal improvements claimed for a normalized polarization-based (or
attenuation-based) method, as compared with a single-polarization emission-based method,
include: (1) elimination of the double-valuedness of the relationship between the observable and
surface precipitation rate; (2) elimination of water vapor and surface wind speed as important
sources of cross-talk; and (3) the ability to express the observable P as a simple (if approximate)
analytic function of a well-defined optical property of the rain cloud, namely, the total optical

depth or transmittance associated with condensed water in the column.
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Other problems common to both emission- and attenuation-based methods remained: the
relationship between microwave observable and surface rain rate, even if monotonic in the case
of the normalized polarization, is non-linear. When rainfall not uniformly distributed throughout
the 20-50 km field-of-view (FOV) of the SSM/I sensor, the rain rate estimated from footprint-
averaged radiances is generally a gross underestimate of the actual footprint-averaged rain rate.
Eliminating the so-called footprint-filling (or beam-filling) bias requires an independent estimate
of the nature and degree of the inhomogeneity. Other researchers have traditionally applied a
constant effective mean footprint-filling correction, based on the statistical properties of rainfall
observed by radar in regional field campaigns such as the GARP Atlantic Tropical Experiment
(GATE). Unfortunately, there is little reason to expect such a fixed correction to be valid
everywhere, owing to widely varying physical and statistical properties of ocean rainfall around

the globe (Petty 1995a; Petty 1999).

An additional complicating factor in emission- and attenuation-based algorithms is the tradeoff
between spatial resolution, dynamic range, and sensitivity as one varies the observing frequency.
Lower microwave frequencies (e.g., 10-20 GHz) have the largest dynamic range in their
response to rain rate, saturating at rain rates as high as 10-20 mm/hr. These frequencies are
therefore also most nearly linear in their response to variations in smaller rain rates, thus
potentially mitigating the beamfilling bias problem. On the other hand, the signal-to-noise ratio
with respect to light rainfall is poorer at long wavelengths; also the spatial resolution is also
worse in proportion to wavelength. At higher frequencies (e.g., 20-50 GHz), sensitivity to light
rain is optimized and spatial resolution is improved, but saturation occurs early (< 3 mm/hr). At
yet higher frequencies (e.g., 80-90 GHz) even the lightest rainfall quickly saturates the response
of the channel, and variations in brightness temperature and/or polarization are increasingly
dominated by the effects of ice particles aloft, limiting the usefulness of these frequencies in an

attenuation mode, except to delineate the boundaries of probable rainfall.

Petty (1994a,b) proposed to exploit the complementary multi-frequency information content of
normalized polarizations observed by the SSM/I: lower frequencies provide information on
relatively heavy rainfall rates averaged over somewhat larger FOVs; high frequency channels
yield accurate spatial delineation of rainfall and sensitivity to the lightest rain rates. Petty thus
developed a unique spatial inversion algorithm in which a relatively densely sampled array of

rainfall rates is retrieved which is simultaneously consistent (to within specified tolerances) with
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normalized polarization images at 19.35, 37 and 85.5 GHz. Not only does this method attempt to
maximize the extraction of rain rate information from all channels, with due allowance for their
respective sensitivities and spatial resolutions, it also mitigates the beam-filling problem by
finding a high-resolution rain rate field which is radiometrically consistent with over-sampled

low-resolution imagery.

The above method by itself still cannot yield information about rain rates in excess of the
saturation value for the lowest frequency channels (approximately 10 mm/hr at 19.35 GHz).
Therefore, Petty initialized the first-guess rain rate field using scattering information derived
from the 85.5 GHz channels, which are less direct as estimators of precipitation intensity but also
less prone to saturation. High values of the first-guess rain rate were left in place during the
subsequent physical inversion unless the objective of consistency with observed normalized

polarizations required them to be reduced.

By the above combination of methods, Petty (1994a,b) thus sought to maximize the utilization of
multi-channel attenuation- and scattering-based information and to do so in a physically self-
consistent way. In so doing, it was recognized that theoretical models for the relationship
between polarization and rain rate were both approximate and inherently uncertain; thus the
criteria for consistency were deliberately kept loose in order to avoid over-fitting of the retrieved

rain rate field to the microwave observations.

2.3.3. Precipitation estimation over land
There is inherently less unambiguous information concerning precipitation rates in microwave

radiances over land. There are several reasons for this:

e Land surface emissivities are generally high and only weakly polarized. Therefore variations
in atmospheric optical depth (without scattering) yield only small changes in microwave
brightness temperature or polarization. Moreover, the sign of brightness temperature
changes may be either positive or negative, depending on the precise surface emissivity and

on the vertical absorption and temperature structure of the atmosphere.

e Land surface emissivities may be highly variable in both time and space, due to variations in

vegetation cover, soil structure, surface moisture, snow cover and other variables. Thus, any
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precipitation signature in the microwave radiances must be larger than this background noise
source in order to be reliably observed. Furthermore, the potential for local biases exists if

an algorithm does not compensate for these variations.

e As a consequence of the above, emission-based and attenuation-based retrieval techniques,
and the direct utilization of microwave frequencies much below 37 GHz, is effectively ruled

out over land.

e Scattering signatures of ice at 37 GHz and higher frequencies are more readily observed
against a land background. However they are inherently indirect as measures of surface
precipitation intensity. In particular, surface rainfall from certain clouds lacking a significant

ice phase may not necessarily be detectable by any passive microwave method over land.

e Scattering signatures of ice particles aloft may be readily confused with similar signatures
associated with snow cover and sandy soil, unless the sensor channel is "surface blind"
owing to its location in a water vapor or oxygen absorption band. In the latter case, the
channel also loses sensitivity to the presence of precipitation in the lower troposphere, so

shallow rain clouds may escape detection.
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Figure 2: Model brightness temperatures versus nominal rain rate over land. Horizontal dashed

lines indicate approximate natural range of variability of background brightness temperature.

In view of the above difficulties, most modern algorithms for over-land precipitation retrievals

using window frequencies tend to have the following features in common:

e Most of the algorithm logic is devoted to the problem of initially classifying pixels as raining
or non-raining in the presence of variable land surface emission (the so-called screening

problem).

e The actual extraction of rain rate information is usually based on simple empirical or semi-
empirical relationships between brightness temperature depressions at a single frequency
(e.g. 85.5 GHz) and surface precipitation rate. In algorithms that depend on physical models,
results are sensitive to the details of the parameterization of cold cloud microphysical
processes in the model and to the manner in which ice water content is modeled for radiative

transfer purposes (e.g., assumed sizes and shapes).

e Most current-generation algorithms do not attempt precipitation retrievals over problem

surface types, such as snow cover or sea ice.

The most successful over-land precipitation retrieval schemes to date, as determined via
organized intercomparisons of competing algorithms developed for the SSM/I (e.g., PIP-3; Adler
et al. 2001), appear to be those which deal most effectively with variability in the land surface
background. The primary strategy for over-land precipitation retrieval for CMIS is thus similar
to that of Conner and Petty (1998), but with theoretical and empirical refinements based on
recent observational data and improved models of microwave radiative transfer in rain clouds.
Improved performance over problem surface types will also be achieved by exploiting selected

sounding channels on CMIS, as discussed later in this document.

According to the method of Conner and Petty, maps of mean multi-channel "background" (or
"baseline") brightness temperatures are constructed at comparatively high spatial resolution but
low temporal resolution (e.g., monthly). This may be accomplished either by way of radiative

transfer models coupled with detailed, dynamically updated maps of surface emissivity, or by
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reference to prior actual satellite overpasses sampling precipitation-free locations. The baseline
maps are subtracted from the current satellite overpass to yield multi-channel brightness
temperature anomalies. These anomalies are traceable to local environmental variations on time
scales shorter than the original averaging period used to create the baseline maps. Examples of
variables contributing to long-term and short-term local changes in brightness temperature
include seasonal changes in vegetation cover, and short-term variations in surface wetness, snow
cover, surface temperature, and precipitation in progress. Variations in vegetation cover are
assumed to occur slowly enough to be accounted for in the season-dependent baseline brightness
temperature maps. Surface wetness and surface temperature have characteristic signatures that
allow the influence of these variables to be identified and subtracted from the multi-channel
anomaly map derived from a single overpass. The residual anomaly is assumed to be associated
with precipitation or surface snow cover. Empirical screening criteria (e.g., Grody 1991) are
utilized in an attempt to distinguish surface snow cover from precipitation in progress. In current
versions of the algorithm, rain rate retrievals are not attempted where surface snow cover is
detected. Otherwise, precipitation intensity is estimated from empirical relationships applied to

the residual brightness temperature anomaly.

Although the details vary, the Conner/Petty algorithm is fairly characteristic of most current-
generation over-land rain rate estimation algorithms, in that instantaneous brightness temperature
anomalies in one or more channels (but invariably including the 85.5 GHz channels) are
determined relative to a baseline brightness temperature field which may be derived either from
prior observations over a period of time or else from an empirical formula applied to the sensor's
lower frequency channels (e.g., the SI scattering index of Grody 1991). The local rain rate is then

inferred as a simple linear or non-linear function of the anomaly.

Experience with global validation of passive microwave rainfall estimates to date (e.g., PIP-3)
reveals that current-generation algorithms, while yielding useful information about precipitation
over most snow- and ice-free land areas, still exhibit marginal precision and accuracy even with
respect to monthly gauge totals. No recognized intercomparison exercise to date has shed any
light on the global performance of current algorithms stratified by rain intensity over the range 0-
50 mm/hr, but all available evidence suggests that substantial advances beyond the current state-
of-the-art outlined above would be needed in order to meet the CMIS EDR threshold precision

and accuracy requirements over land, especially at high rain rates. There are only a few obvious
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avenues for achieving such improvement, and the likely net impact of some of these on global

performance remains a matter of conjecture.

Examples of such opportunities, in order of decreasing likelihood of major impact, include:

e Improved mapping and dynamic updating of background surface emissivity. Advances in
this area would substantially improve the likelihood of detecting light precipitation over the

widest variety of surface types.

e Development of estimation techniques that are less sensitive to surface properties, especially
using "surface blind" sounding channels. The general validity of this approach is already

being demonstrated using selected channels of the AMSU-B sensor.

e Improved models of the relationship between scattering by ice aloft and surface precipitation

rate, and improved characterization of regional and seasonal variability in these relationships.

e Development of improved spectral criteria for distinguishing scattering due to instantaneous

precipitation from similar signatures due to surface snow cover and other problem surface

types

2.3.4. Inversion methods using physically detailed cloud/radiative transfer models

There is another class of algorithms, not yet discussed, that is potentially applicable to both
ocean and land precipitation retrievals. These methods attempt to find detailed vertical profiles
of hydrometeors and other environmental variables that are radiometrically consistent with the
observed multi-channel brightness temperatures. One such algorithm (Smith et al. 1994)
iteratively adjusts the hydrometeor profiles until forward-calculated radiances using a radiative
transfer model agree with the observations. Another well-known approach (Kummerow et al.
1996), currently utilized for operational rainfall and latent heating profile retrievals from the
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), performs a library
look-up to identify all cloud model-generated profiles whose pre-calculated brightness
temperature vector is "close" to the observation vector. The retrieved profile and surface rain
rate are then computed as an average of the selected profiles, weighted by the closeness of the

match to the observations.
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Attractive properties of these so-called physical model-based retrieval methods include the

following:

At least in theory, they should allow maximum utilization of the physical information content
of the multi-channel microwave radiances as well as minimizing errors associated with the

simplifying physical assumptions characteristic of other types of retrieval algorithms.

In theory, a cloud profile database utilized in a Bayesian retrieval scheme can be tailored to a
wide range of precipitation types and cloud geometries, potentially incorporating regional

and seasonal variations in the a priori distribution of candidate profiles.

Most importantly, physical cloud model/radiative transfer model-based inversions can
potentially yield estimates of associated environmental parameters (e.g., latent heating

profiles) not directly observable by satellite.

The above theoretical advantages are offset by certain practical disadvantages:

They are computationally very expensive to run if real-time forward radiative transfer
calculations are required. This problem is much more severe for rainfall retrievals than for
other types of profile retrievals, because of the necessity of including multiple scattering in

the forward radiative transfer equation.

Forward radiative transfer calculations are inherently sensitive to microphysical and radiative
transfer assumptions made (e.g., the calculation of the scattering properties of snowflakes
based on the idealized model of solid ice spheres). The multi-channel signatures that
distinguish one candidate cloud profile from another can be subtle, and attempting to detect
and exploit these small differences can greatly amplify the influence of errors in the forward

cloud/radiative transfer model.

Current knowledge of global variations in rain cloud properties and their regional and
seasonal dependence is insufficient for the purpose of generating credible a priori

distributions of cloud structures and accompanying multi-channel radiances. Dynamic cloud
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model simulations can theoretically provide realistic distributions of cloud properties in
different environments, but it has been found that different cloud models and microphysical
parameterizations often yield vastly different results, especially as regards the ice phase
hydrometeors responsible for the microwave scattering signature. Indeed, some models yield

results that are generally irreconcilable with actual microwave observations of rain clouds.

e Moreover, the effective number of independent, radiometrically, geometrically and/or
thermodynamically significant environmental variables in a realistic rain cloud structure is
large. If this number of degrees of freedom is designated NV, and 4 is a number greater than,
say, 3, then on the order of 4" distinct profiles and cloud and viewing geometries are needed
to adequately populate the a priori solution space. For N as small as 10, as many as 60,000 or
more distinct cases must be provided, and, as noted previously, it must be ensured that their
distribution in N-space is reasonably realistic for the region and season in question in order

for Bayesian-style retrievals to yield unbiased results.

e Despite the greater physical sophistication, these algorithms are still subject to the same
fundamental limitations as the simpler "emission-", "attenuation-", and "scattering-based"
algorithms described earlier. That is, the use of physically detailed cloud/radiative transfer
models does not substantially improve the utility of lower frequency channels over a variable
and strongly emitting land background, nor does it directly mitigate the beam-filling problem
(although a solution data base could theoretically include variable distributions of rainfall

within a finite field-of-view).

In addition to the above practical difficulties of developing a globally applicable physical model-
based precipitation algorithm that demonstrably meets EDR requirements globally, we note that
algorithms in this category have not been shown to consistently outperform simpler algorithms
(e.g., that of Petty 1994) in recent organized algorithm intercomparisons, despite the former's
substantially greater investment in development and real-time computational effort.
Consequently, AER has elected to pursue a middle road between simple empirical or semi-
empirical algorithms on the one hand and highly detailed model-based inversion algorithms on
the other. Instead, we seek to maximize the extraction of physical and spatial information from
CMIS radiances while at the same time minimizing exposure to errors due to as-yet-uncertain

statistical, microphysical and radiative transfer properties of global rain clouds.
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2.4. Instrument Characteristics

2.4.1. Primary CMIS Channels

2.4.1.1 Ocean Retrievals

The primary source of direct precipitation information over water is CMIS dual-polarization

window channels in the range 6.8 through 89 GHz (Table 2).

Table 2: Primary CMIS Channels - Ocean Precipitation Rate

Frequency Polarization
(GHz)
6.8 V+H
10.65 V+H
18.7 V+H
23.8 V+H
36.5 V+H
89.0 V+H

The possible utility of additional channels near 50, 166 and 183 GHz is the subject of ongoing
study.

2.4.1.2 Land Retrievals

Retrievals of precipitation rate over land will rely on selected window and sounding channels at
and above 18.7 GHz. For window channels, dual-polarization information is required. Sounding
channels whose weighting functions peak too high in the atmosphere to be sensitive to most rain
clouds are generally excluded. A complete list of candidate channels is given in Table 3. (See
EN #13 response.) Unlike the case over ocean, over-land retrievals will be undertaken using all
channels averaged to a common resolution of 15 km, corresponding to the size of the reporting

cell for this EDR.
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Table 3: Primary CMIS Channels - Land Precipitation Rate

Frequency (GHz) | Polarization

18.7 V+H

36.5 V+H
50.300 \Y
51.240 \Y
53.570 \Y

89.0 V+H
166.6 \Y
183.310+0.7125 \Y%
183.310£3.10 A%
183.310£7.7 Vv

It is likely that a smaller subset of these channels will be utilized in the final algorithm, based on
model sensitivity studies and experience with data from the current AMSU-A and AMSU-B

sensor.

2.4.2. CMIS Resolution and Sampling Density
The over-ocean algorithm seeks to mitigate beam-filling biases by explicitly retrieving sub-FOV-
scale rainfall variability. It therefore utilizes data from each channel at the highest available

spatial resolution and sampling density.

For consistency with other EDR retrieval modules, the ocean precipitation module will utilize re-
mapped brightness temperatures produced by the footprint-matching algorithm that constitutes
the front end of the EDR processing chain. After the footprint matching, each channel is
available at a set of Composite Field of View (CFOV) sizes. The precipitation algorithm uses
each channel at the CFOV size most consistent with the cross-scan size of the original footprint
data (Table 4). CFOV sizes significantly larger than the original footprint size are avoided
because they induce unnecessary smoothing of precipitation information and CFOV sizes
significantly smaller than the original footprint size are avoided because they may have
matching-induced sidelobes. For channels which are oversampled in either the along-scan
direction or cross-scan direction or both, the re-mapping and resampling procedure will include
partial deconvolution of the imagery so as to retain as much information as possible while

reducing the sampling density.
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Over land, precipitation information comes from higher frequency channels whose native
resolution is about equal to the reporting cell size for precipitation. Consequently, all primary
channels in Table 4 will be spatially averaged to a common resolution of approximately 15 km

prior to calling the over land precipitation module.

Table 4: Composite Field of View sizes at which CMIS channels

are used in the Precipitation EDR algorithm.

Frequency CFOV size

(GHz) (km)
6.8 50
10.65 40
18.7 25
36.5 15
50.300 15
51.240 15
53.570 15
89.0 15
166.6 15
183.310£0.7125 15
183.310+3.10 15
183.310+7.7 15

2.4.3. CMIS Surface Scan Incidence Angle

Because of the reliance of the algorithm on polarization information, oblique viewing at near-
constant incidence angle is an essential characteristic of the CMIS. Over land, where
polarization information is not as important, near-constant incidence angle is nevertheless useful
because it alleviates the need to account for limb effects in the sounding channels. It also
permits more reliable discrimination against wet soil and standing water. The algorithm allows
for differences in incidence angle among the CMIS channels (< 5°) small enough that the

channels all traverse approximately the same slant path through the atmosphere.

However, non-nadir observations are also more susceptible to 3-D geometric effects in rain
clouds, including parallax effects, cloud reflections from the ocean surface, and emission from
the sides of convective clouds. These effects are difficult to account for precisely in a
precipitation algorithm because they depend on the details of the 2-D and 3-D structure of the
rain clouds. To first order, modeling studies suggest that the primary effect of parallax effects on

ocean rain rate retrievals is to “smear” the apparent image of the rain cloud by several kilometers
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(both toward and away from the sensor) in the cross-scan direction. Another consequence is the
displacement of the apparent location of the scattering cloud tops observed at higher frequencies
from the true surface location of the rain cloud. Both effects can be mitigated relatively simply

by utilizing parallax-corrected antenna gain patterns in the retrieval algorithms.

2.4.4. Sensor NEDT

Rain clouds exhibit large structural and microphysical variations that are difficult to fully
account for in forward model calculations or in the retrieval algorithm itself. These variations
therefore contribute “geophysical noise” on the order of several K to the rainfall estimation
problem. By comparison, sensor noise-equivalent delta-T (NEDT) figures of less than 1 K for
the footprint-matched data are believed to have negligible impact on precipitation retrieval

performance and are therefore not considered further in this ATBD.

2.5. Supplemental Data Required
In addition to CMIS brightness temperatures, other CMIS-derived and non-CMIS data are

required for the Precipitation Module. These include the following:

2.5.1. Static data

Land-sea-ice mask. 1In order to determine where the ocean and land sub-modules should be
applied, CMIS pixels must be pre-classified into one of the following three categories: (1) ocean,
(2) land, and (3) sea ice. Pixels in the first class must contain no more than 5% land or sea ice,
weighted according to the lowest-resolution antenna gain pattern. The sea ice classification will
be determined for a given CMIS overpass by the appropriate algorithm module. The land-ocean
classification will be obtained from a static geographic mask having 1/6-degree resolution or

better.

2.5.2. CMIS-derived data

Cloud-free brightness temperature: Both the land and ocean precipitation modules require
reasonable estimates of the “background” brightness temperatures for all relevant channels.
These brightness temperatures would be observed if all hydrometeors (frozen and liquid) were
removed from atmospheric column while leaving surface emissivity and temperature and
humidity profiles unchanged. At locations outside of moderate or heavy precipitation, these

estimates will be available as a direct byproduct of the Core Module. Within moderate or heavy
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precipitation, Core Module retrievals may be unreliable. In such cases, cloud-free brightness

temperatures must be interpolated into precipitating areas from surrounding locations.

Surface emissivity database. One of the byproducts of the CMIS Core Module is a dynamically
updated global map of surface emissivity. This database will merge recent observations of snow
and vegetation cover and surface wetness with static maps of mean emissivity for all relevant
CMIS channels. The estimates of surface emissivity will be utilized primarily in the land
precipitation submodule, in conjunction with the cloud-free brightness temperatures described

above.

2.5.3. Cross-Sensor data

The Precipitation Module has no direct requirement for data from non-CMIS sensors. In
principle, visible and/or infrared imagery could be used to further constrain precipitation
retrievals under some conditions — e.g., localized and/or shallow rain clouds, but the potential
performance benefits must be weighed against the additional algorithmic complexity. This

remains a topic for further research and development.
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3.  Algorithm Description

3.1. Summary of derived requirements on the Precipitation Module.
Except to flag the possible occurrence of retrieval errors due to precipitation contamination,
other algorithms in the CMIS EDR processing chain do not utilize the precipitation estimates

produced by this module. Therefore, there are no derived requirements on the algorithm.

3.2. Overview of Retrieval Strategy

Two distinct retrieval strategies are employed; one for open ocean areas and the other for land
and coastal zones, and sea ice. Over open water, observed multi-channel brightness temperature
depolarization (relative to a hypothetical cloud-free scene) is used to infer path integrated rain
cloud attenuation at each applicable frequency, supplemented by information on precipitating ice
content inferred from brightness temperature depressions at higher frequencies. Over other
surface types (land, sea ice, etc.), surface precipitation rates must be inferred indirectly from the
ice signature alone. The ocean and land sub-modules are discussed separately in this and

subsequent sub-sections.

3.2.1. Ocean algorithm

The ocean precipitation algorithm is a non-linear physical inversion scheme that exploits spatial
oversampling at lower frequencies to find a high-resolution rain rate field that is simultaneously
consistent with radiances from all available imager channels. This algorithm thus directly
retrieves sub-pixel rainfall variability (relative to the low-resolution channels), partially

alleviating the classic beamfilling ambiguity described by (e.g.) Wilheit (1986).

The algorithm utilizes observed polarization differences, rather than raw brightness temperatures,
in the inversion in order to circumvent the non-monotonicity of the brightness temperature-rain
rate relationship and to reduce the sensitivity of the retrieval to uncertainties in the vertical
structure and microphysical characteristics of the rain cloud. Such uncertainties are particularly
important with respect to ice phase microphysics. The polarization differences are normalized
by an independently estimated cloud-free polarization difference to yield a normalized

polarization P at each frequency whose value exhibits the following advantageous

characteristics:
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e [t approximately obeys a simple power-law relationship to the path transmittance due to

hydrometeors (in the plane-parallel approximation).

e [t is approximately orthogonal to brightness temperature variations associated with volume

scattering by ice.

e [ts quantitative interpretation is not strongly affected by background variations in column

water vapor, temperature, surface wind speed, and other variables.

A second linear transformation of dual-polarization brightness temperatures, S, contains
information complementary to that of P. The scattering index § is sensitive primarily to volume
scattering and rain cloud effective temperature, yielding significant positive values only in the
presence of volume scattering by ice and large raindrops. Because ice concentration aloft is a
relatively unreliable proxy for surface precipitation rates, S is relegated to a supplemental role in
that it helps constrain the solution when more direct information is unavailable. For example, S
may yield the only usable information concerning precipitation rate in cases that either (a) the
melting level is at or near the surface, in which case total cloud attenuation may be too weak to
be accurately estimated via P; or (b) intense rainfall is occurring through a deep layer, in which
case the more direct attenuation based index P may saturate. Petty (1994a) discusses the

definitions and complementary information content of P and S in greater detail.

The final rain rate field is obtained at high resolution by iteratively eliminating inconsistencies
between forward calculated polarizations from the first-guess field and observed normalized
polarizations for all frequencies utilized in the retrieval. An inconsistency is considered to exist
if and only if the observed discrepancy exceeds the assumed uncertainty in the forward
calculations. This assumed uncertainty must allow for deviations of actual rain clouds from ideal
assumptions incorporated in radiative transfer models. Examples of such deviations include 3-D
cloud geometry, oriented non-spherical scatterers, non-standard vertical hydrometeor profiles,

and finite uncertainties in estimates of the background polarization difference.

The retrieval may be based on as many or as few dual-polarization channels as are available.
The utilization of a greater number of channels increases the opportunity to identify and

iteratively remove physical inconsistencies (as defined above) in the first-guess rain rate field. In
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general, lower frequency channels (6.8, 10.7, 19.35 GHz) respond more linearly to rainfall rate
over a larger range of intensities but do so at the cost of reduced sensitivity to light rainfall and
poorer spatial resolution. Higher frequency channels (37, 89 GHz) are more sensitive to light
rainfall and can localize rain cloud edges with greater accuracy but suffer from saturation at low
rain rates. Thus, all primary channels listed in Table 2 yield complementary information
concerning intensity and spatial distribution and a rain rate field is sought which does not

conflict with the observations at any frequency.

The manner in which the high-resolution rain rate field is adjusted in response to discrepancies
between forward-calculated and observed polarizations from lower-resolution channels is
analogous to back-propagation in simulated neural networks. That is, the rain rate adjustment in
the j grid box is weighted according to 0P;/0R; where P; is the forward-calculated normalized

polarization for the i pixel at the frequency in question.

This same framework also readily accommodates non-CMIS (e.g., visible or infrared)
information in the algorithm when available, provided only that appropriate objective criteria are
developed for classifying a given rain rate estimate as physically inconsistent with the data in
question. An example of such an inconsistency would be a large non-zero rain rate at a location
classified as cloud-free based on visible and/or infrared imagery. The current version of the

algorithm, however, does not utilize cross-sensor data.

An important characteristic of the over-ocean retrieval strategy is that less direct (e.g., statistical)
information concerning likely surface rain rates is retained where, and only where, it does not
conflict with more physically unambiguous evidence. In particular, scattering information from
the 89 GHz channels, as embodied by the S index, provides the basis for initializing the first-
guess rain rate field. If this first guess rain rate field is subsequently found to be inconsistent
with the observed polarization P, then it is modified. In locations of heavy rainfall, where P
usually saturates, the first-guess value may be left unmodified if it is not contradicted by the

lower-frequency observations.
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Figure 3: Flow diagram illustrating the overall logic of the ocean rainfall retrieval.

3.2.2. Land algorithm
Because of the large (~0.9) yet highly variable emissivity of land surfaces, rainfall estimation

techniques based primarily on passive microwave measures of atmospheric emission and
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attenuation are of little utility over land. Rather, it is generally necessary to rely on the detection
of reduced brightness temperatures associated with deep, optically thick rain clouds, especially
those containing substantial amounts of precipitating ice aloft. The microwave signature of such
clouds is most evident at higher microwave frequencies, although there is then also increasing
sensitivity to non-precipitating cloud ice. Thus, the central strategy of the retrieval algorithm is to
detect brightness temperature anomalies (depressions) relative to the predicted cloud-free
background radiances and to assign surface rain intensities based on the spatial and spectral
characteristics of those anomalies. The dynamic database of surface emissivity and the estimates
of clear-sky radiance provided by the CMIS Core Module therefore play a crucial role in
determining the minimum sensitivity of the algorithm to light rainfall and in minimizing regional

biases due to variable surface properties.

The detection of precipitation via brightness temperature depressions becomes more problematic
when the land surface itself behaves as a volume scatterer of microwave radiation, as is the case
when snow or ice cover is present. In fact, no known passive microwave algorithm currently
attempts precipitation rate retrievals over ice- or snow-covered regions using window channels.
Even a dynamically updated surface emissivity data base may not be sufficiently reliable in
regions of snowfall to allow the precipitation signal to be cleanly separated from that of the
surface using window channels. In order for the CMIS Precipitation Module to be applicable
globally, it is therefore necessary to incorporate sounding channels whose weighting functions
peak low enough in the troposphere to be able to detect shallow precipitation but high enough so
as to reduce the risk of cross-talk from surface variables such as snow cover. Although empirical
algorithms (e.g., simulated neural networks) have been demonstrated over North America using
selected channels of the AMSU-A and AMSU-B sensors, the development of unbiased global
algorithms using CMIS sounder depends on a thorough survey of regional and seasonal
precipitation microphysical structure and its implications for microwave radiative transfer.
Global microwave data sets available from current sensors, such as SSM/I, TMI, AMSU, and

AMSR, will be of great value in this regard.

The retrieval algorithm is currently designed as a neural network-type algorithm applied to
multichannel brightness temperature anomalies, where the anomalies are referenced to the
computed brightness temperatures in the absence of precipitation. The CMIS Core Module
retrievals of atmospheric temperature and humidity, coupled with a dynamic database of surface

emissivity, will be the primary source of baseline multichannel brightness temperatures.
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3.2.3. Precipitation Type (Land and Ocean)

When the atmospheric freezing level is near the surface, precipitation may reach the surface as
snow or may melt shortly before reaching the surface and arrive as rain. From a microwave
radiative transfer standpoint, the two cases may be nearly indistinguishable unless the vertical
extent of the liquid precipitation is substantial (i.e., more than ~0.5 km). In addition, if the
freezing level is within a few hundred meters of the surface, it is likely that precipitation will
reach the surface as a mixture of snow and rain, which is unlikely to be distinguishable from pure
rainfall on the basis of microwave radiometry alone. Yet mixtures of rain and snow are to be

classified as ‘frozen’, as discussed in section 3.2.1.

Consequently, the primary strategy for classifying precipitation as ice or liquid depends on the
availability of independent information concerning atmospheric temperature structure in the
vicinity of precipitation. The CMIS Core Module yields such information in the form of
retrieved temperature profiles, which are interpolated into areas of precipitation. The freezing
level height (above terrain) Z; is estimated from these retrievals and if Z; < Zj 40 then the

precipitation is classified as frozen; otherwise it is liquid.

An additional factor that may be considered for classifying precipitation over water is the
detectability of a unique spectral signature of liquid precipitation in the column. The potential

viability of this approach requires additional study.
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Figure 4: Flow diagram illustrating the overall logic of the precipitation type classification.

3.3. The Forward Radiative Transfer Problem
Because of their high computational cost in comparison to the expected benefits for retrieval

performance, real-time forward radiative transfer calculations are not undertaken as part of the
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precipitation retrieval algorithm. Nevertheless, it is useful to review the details of the radiative
transfer equation (RTE) as it applies to passive microwave remote sensing of precipitation, so as
to highlight the numerous areas of uncertainty and ambiguity in model-derived relationships
between surface precipitation rate and CMIS brightness temperatures. The existence and likely
magnitude of these uncertainties not only justifies the highly simplified physical inversion
approach utilized for ocean rainfall retrieval, they also underscore the difficulty of making
confident estimates of true algorithm global performance based solely on simulated retrievals

from model-generated data.

Utilizing the Rayleigh-Jeans approximation, the full differential form of the RTE for polarized

monochromatic microwave brightness temperatures is written:

§-VT,(r,8) = —a_(r,8)- T, (r,§) +a , (r,—$)T(r) + j P(r,$,8") - T, (r,8) dQ Equation 1
4r
where
TBv
TBh .
T, = Equation 2
TU
TV

is the brightness temperature expressed as a modified Stokes vector, r is the position vector, and
§ is a unit vector describing the direction of propagation. The local optical variables appearing

in Equation 1 are the extinction matrix a ,, the absorption vector a ,, the scattering phase matrix

P, and the thermodynamic temperature 7.

If the above variables are known at every point r in a 3-D domain and for every orientation
vector 8" (where applicable), and if suitable boundary conditions are supplied, such as the
cosmic background brightness temperature 7,osmic and the surface bidirectional reflectance matrix
R(s,8"), then the DRTE may in principle be integrated numerically to determine the top-of-the-
atmosphere polarized brightness temperatures along a given ray § intersecting the earth’s surface

at position (x,y).
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Note that this form of the RTE does not neglect scattering, and does not assume plane parallel
geometry, in contrast to the usual assumptions for microwave radiative transfer outside of
precipitation. Microwave scattering is invariably important in rain clouds because of frozen and
liquid hydrometeors (raindrops, snow flakes, graupel, etc.) whose diameters (typically 0.1 to 10
mm) are comparable to the wavelengths of the radiation. Although a few stratiform rain clouds
exhibit relatively homogeneous horizontal structure over large areas, so that they may be
reasonably approximated as plane-parallel, field observations by aircraft and radar reveal that
such rain clouds are the exception rather than the rule. On the contrary, all convective rain cells,
and many instances of stratiform precipitation, reveal significant microphysical variability on

scales of 1-10 km or less in both the horizontal and vertical dimensions.

In the full form given above, the numerical solution of the RTE is computationally cumbersome,
but it may nevertheless be solved, in principle, to almost arbitrary accuracy using a Backwards

Monte Carlo code, as discussed by Petty (1994a), Petty et al. (1994), and Roberti et al. (1994).
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Figure 5: An example of a Backwards Monte Carlo simulation of a high-resolution satellite
image at 37 GHz for a mesoscale convective system (MCS) viewed at 53° incidence. Each panel
represents one model domain with dimensions 50 km x 50 km. Right: Horizontally polarized
brightness temperature. Bottom: Vertically polarized brightness temperature. Left: Normalized
polarization P. Top: Polarization-corrected scattering index S.

In theory, the ability to undertake simulations of radiative transfer in realistic rain clouds permits
the relationship between cloud optical properties and CMIS radiances to be investigated in detail
and also allows arbitrarily detailed and varied test cases to be developed for assessing algorithm
performance. In practice, however, even current Monte Carlo codes invoke numerous
simplifications and assumptions in order to make the problem manageable. Most commonly,
these include the utilization of simplified scattering phase functions, neglect of the dependence
of optical parameters on § (i.c., directionally isotropic scattering and extinction), utilization of
scalar rather than vector radiative transfer, and other compromises. These approximations

introduce errors into the calculations whose magnitude can in many cases only be guessed.
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In addition to the above generic simplifications to the radiative transfer code itself, the
specification of local extinction and scattering properties for a “representative” rain cloud
involves a long chain of assumptions and approximations, some of which are of an ad hoc nature
and therefore of questionable applicability to real rain clouds. A single poor approximation at
any point in the chain may have serious consequences for the overall accuracy of the RT results,
which in turn affects the quality of the retrieval algorithm based on those results and the

confidence one may have in any model-based assessment of algorithm performance.

The following outlines the usual approach to specifying 3-D optical parameters in rain clouds for
microwave RT purposes and highlights some of the important weak links in the chain of

assumptions:

3.3.1. Macroscopic cloud structure

Historically, rain clouds have most often been assumed to be 1-dimensional (plane-parallel) for
microwave radiative transfer purposes. Typically, a stratiform rain cloud is modeled as a single
elevated layer of cloud, some portion of which usually extends above the 0° isotherm and is
therefore supercooled. Within the supercooled layer, precipitation growth occurs via vapor
deposition (the so-called Bergeron process), leading to snow crystals, possibly followed by
aggregation these snow crystals into snowflakes and/or accretion of supercooled cloud droplets,
leading to rimed particles called graupel. These frozen particles then fall through the 0° level
and melt within 0.5 km or so to form raindrops. Within the cloud layer, the raindrops may
continue to grow by collision-coalescence; below cloud in subsaturated air, they begin to

evaporate and may or may not reach the surface.

In the early development of passive microwave algorithms for rain rate retrieval, it was common
to simply prescribe the total column cloud water in the cloud layer, the freezing level, and a
constant effective precipitation rate from the surface through the freezing level. It was then
assumed that precipitation above the 0° level was entirely frozen (i.e., snow or graupel). This
frozen precipitation was modeled as an exponential (e.g., Marshall-Palmer) size distribution of
solid ice spheres. Beyond these basic assumptions, no provision was made for ensuring the
meteorological realism or microphysical self-consistency of the rain cloud model. For example,

evaporation of rainfall below cloud base can significantly alter the relationship between total
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column attenuation due to precipitation and surface precipitation rate, but in the early models,

rainfall rate was assumed constant between the surface and the freezing level.

Recently, Petty et al. (2000) attempted to develop a more rigorous and physically self-consistent
approach to specifying 1-D profiles of hydrometeors in stratiform rain clouds. For example,
vertical derivatives of the precipitation rate profiles associated with various hydrometeor classes
are explicitly parameterized in terms of environmental humidity, temperature, cloud water
content, etc. According to their method, approximately 10 free parameters are required to

completely specify a 1-D rain cloud for microwave radiative transfer purposes.

Even in a relatively complete and physically self-consistent 1-D model, certain processes are not
well constrained by observations or existing theory and must therefore be parameterized in an
arbitrary manner. For example, precipitation growth and evaporation rates can be sensitive
functions of assumed particle size distributions, shapes, and fall speeds, especially for graupel
and snow particles. A wide range of combinations of model parameter values yield plausible
precipitation profiles; however it remains impossible, due to scarcity of suitable observations, to
ascertain which of these combinations are most representative of actual rain clouds in any given

environment.

Moreover, there is now growing recognition that 1-D representations of rain clouds are seldom
realistic for any but the most ideal stratiform cases. This is both because of the 3-D nature of the
radiative transfer equation itself (when scattering is important) and because microphysical
properties and processes in many rain clouds, especially convective clouds, simply do not lend
themselves to a one-dimensional description whenever there are significant lateral exchanges of

moisture, energy, etc., between the rain cloud and the surrounding environment.

Until fairly recently, there were few satisfactory alternatives to 1-D representations. 3-D
radiative transfer codes (e.g., forward Monte Carlo) were prohibitively expensive to run for all
but the simplest geometric structures. Computational expense aside, there has been no
completely satisfactory basis for representing to a RT model the complex and highly variable

shapes of real rain clouds.

The first of the above two problems was partly alleviated as computers became more capable and

also with the emergence of backwards Monte Carlo radiative transfer codes, which are
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reasonably efficient for simulating satellite microwave images of 3-D rain clouds viewed from a

single vantage point.

In principle, utilizing cloud-resolving weather prediction models to generate realistic 3-D
distributions of hydrometeors could solve the second problem. In practice, there remain several

difficulties:

e (Current-generation dynamic cloud models still have difficulty producing realistic fine-scale
(1 km or less) structure in simulations of mesoscale and synoptic-scale cloud systems.
Simulated microwave images generated from cloud model simulations of precipitating
weather systems typically appear much smoother, and reveal significantly different
mesoscale and synoptic scale organization, than their real-life counterparts. The use of
nested high-resolution subdomains in the model simulations does not appear to completely

alleviate this problem.

e Even if a given cloud model simulation were perfect in its reproduction of a particular
instance of a rain cloud structure, a single such case is not enough. Rather, the development
of an optimal global rainfall retrieval algorithm, and any credible assessment of the true
global performance of such an algorithm, requires a statistically representative spectrum of
cloud structures for each of many widely differing environments in which precipitation
occurs. A comprehensive library of high-resolution cloud model simulations for all different

seasons and regions of the globe simply does not yet exist.

3.3.2. Microphysical properties

In addition to the problem of specifying the 3-D distribution of bulk condensed water (liquid and
solid) at 1 km or better horizontal resolution over a mesoscale to synoptic-scale model domain, it
is further necessary to describe the microphysical form (or habit) of the hydrometeors. Cloud
microphysical parameterizations widely today only distinguish between a few broad
hydrometeor categories: cloud water, rain water, graupel or hail, snow, and cloud ice. For each
of these hydrometeor categories, most practical models only provide a bulk mass mixing ratio or
density. The assumed particle size distributions are usually “hardwired” functions of total
hydrometeor concentration, and most cloud models yield no predictions whatsoever concerning

particle shapes and densities.
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In reality, graupel and snow particles in particular exhibit a tremendous range of morphologies,
which in turn are associated with variable fall speeds, growth rates, and particle densities. For
example, snow may occur as pristine vapor-grown ice crystals of various habits (depending on
the growth environment), as large aggregates of unrimed or rimed crystals, or anything in
between. Distinctions of this type are critically important for the hydrometeor growth and fallout
processes which a cloud model attempts to simulate, but it is not yet practical to accommodate
these distinctions in any but the most sophisticated and computationally expensive experimental

models.

Recently, Petty et al. (1999) ran the MMS5 community mesoscale model in two 36-hr simulations
of the same extratropical oceanic cyclone. The two model runs were identical except for the
choice of the bulk microphysical scheme used: one utilized Reisner et al. (1998) while the other
utilized Tao and Simpson (1993). The resulting differences were profound: one yielded
considerably more snow and graupel aloft than the other, and both yielded large-scale
precipitation patterns that bore as little resemblance to each other as either did to the

precipitation patterns observed in the actual cyclone by the SSM/I.

In summary, current-generation cloud models incorporating conventional bulk microphysical
schemes cannot yet accommodate the variety of particle types and size spectra that are known to
exist in rain clouds. Because hydrometeor growth and fallout rates are sensitive to such details,
there is further reason to question whether cloud models can yet produce statistically
representative microphysical and macrophysical representations of real rain clouds for
microwave radiative transfer purposes. This does not prevent the use of dynamic models
coupled with 3-D radiative transfer models for understanding the qualitative influence of various
cloud properties on satellite microwave observations of rain clouds. However, it does undermine
their utility for developing unbiased, quantitative multichannel relationships between microwave

observables and surface rain rates.

Additional information concerning cloud microphysical structure is provided by instrumented
aircraft and by radar observations.  Airborne microphysical observations have yielded
considerable insight into the variety of hydrometeor types and growth processes that occur in
rain clouds and their relationship to certain environments. However, it is not clear how to

generalize from storm-specific, localized aircraft observations to reasonably credible and
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detailed 3-D representation of the mesoscale and microphysical structure of precipitating cloud

systems and their regional and seasonal variability.

Another important source of insight into km-scale (or smaller) rain cloud structure is radar.
However, conventional radar is currently able to provide only the following types of information:
(1) 3-D distribution of radar reflectivity, which in turn is approximately proportional to the sum
of the 6" powers of the particle diameters in a unit volume of air, and (2) qualitative indications
of particle category (e.g., hail, rain, snow) based on observed backscatter polarization properties,
when available. Furthermore, most standard radar equipment cannot detect non-precipitating

cloud water or ice.

3.3.3. Microwave optical properties

Once the 3-D distribution of hydrometeors in representative rain clouds, including detailed
shapes, sizes, and densities, are specified for use in microwave radiative transfer calculations, it
remains necessary to accurately translate these particle geometric properties into 3-D
distributions of (in the scalar approximation) the microwave volume extinction coefficient k., ,

single scatter albedo @ and scattering phase function p(©®). This is yet another potentially

weak link in the chain of assumptions that ultimately relate microwave observables to surface

precipitation rate. We address each of the different major classes of hydrometeors in turn.

3.3.3.1 Cloud liquid water
The simplest case is that of cloud liquid water, which consists of spherical droplets much smaller
than 100 um in radius. For these droplets, the Rayleigh small-particle approximation applies
over much of the microwave spectrum, yielding the following expression for mass extinction
coefficient, independent of droplet radius:

6zv  (m® —1

K= —Im[ 5 J Equation 3
pc m- +

In addition, the single scatter albedo @ for small droplets is negligible; therefore microwave
extinction and emission due to cloud liquid water may be treated in a manner analogous to that
of an absorbing gas. The sole potential source of major uncertainty in cloud water
absorption/emission calculations appears to lie in the model for the dielectric constant of water at

microwave frequencies. Commonly used models (e.g., Ray 1972, Liebe et al. 1991) are
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reasonably well tuned to laboratory observations at temperatures above freezing and at low to
moderate microwave frequencies. At sub-freezing temperatures, on the other hand, laboratory
measurements are scarce, and models of the dielectric constant of water tend to diverge from one

another, especially at higher microwave frequencies (Petty 1990, Lipton et al, 1999).

Although direct validation of the absorption coefficient due to cloud water has not been possible,
due to a lack of suitable in situ measurements, Westwater (19XX) examined the ratios of
apparent total absorption due to clouds at three different frequencies (20.6, 31.65, and 90 GHz)
and found that these ratios deviated from theory by up to 30%. Although some of the
discrepancy may be explained by other error sources, there is an implication that the spectral
dependence of the dielectric coefficient for water may be somewhat in error in the standard

models. This subject requires further investigation.

3.3.3.2 Rain drops

Raindrops are liquid water drops large enough to fall an appreciable distance from their point of
origin in a cloud. Conventionally, the radius threshold that is taken to distinguish cloud droplets
from raindrops is 100 um. Unlike cloud droplets, raindrops generally do not satisfy the criterion
for the Rayleigh approximation and thus the more general Mie theory must be used. Microwave
extinction is a fairly strong function of drop radius, and scattering is non-negligible, though @

remains of the order of 0.6 or less for most combinations of drop size and wavelength.

Larger raindrops are not strictly spherical but rather flattened or even cupped in shape (Beard et
al. 1989). The non-sphericity of large raindrops alters the extinction and scattering properties
relative to Mie results for spheres and has been shown to lead to detectable polarization effects
for passive microwave measurements taken at oblique elevation angles.

However these are generally regarded as a second order effects relative to other sources of
brightness temperature variability; hence the modeling of raindrops as equivalent-volume

spheres is probably acceptable for most purposes.

Crucial for determining the precise relationship between microwave optical properties of rainfall
and bulk microphysical properties, such as precipitation rate or precipitation water content is the
drop size distribution N(D), which is defined such that N(D)dD is the number of raindrops per

unit volume whose volume-equivalent spherical diameter D falls in the range [D, D+dD]. Bulk
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microphysical or optical properties are then computed as suitable moments of N(D). For

example, the rain water content (mass per unit volume air) is given by

W, = p,% [ N(D)Dap Equation 4

The precipitation rate through a fixed horizontal surface is given by

R= % [ N(D)D* (v(D) =)D Equation 5

where W is the local updraft speed and v(D) is the terminal fall speed of a rain drop in still air.
This fall speed depends not only on drop diameter but also air density and viscosity; therefore the
same N(D) will yield different precipitation rates under different conditions of pressure and

temperature. Empirical expressions for v(D) for raindrops are given by Pruppacher and Klett
(1997).

Note that it is R, evaluated at the earth’s surface, that is retrieved by the CMIS Precipitation
Module. At the surface, the updraft speed W can be taken to be zero. However, /¥ may be
significantly different from zero even a short distance above the surface, especially in convective
situations. This possibility introduces a potentially substantial uncertainty into the relationship
between surface rain rate and the mean drop size distribution N(D) in even the lowest kilometer

above the surface.

Bulk microwave extinction and scattering properties of falling rain are evaluated at a particular
microwave frequency v in a similar fashion, by integrating the Mie-derived extinction and
scattering cross-sections over all drop sizes. Thus, the volume extinction coefficient &

(dimensions of length™) is given by

k= % [0..(D)D*N(DyaD Equation 6
0

where Q. 1is the extinction efficiency. Similarly, the single scatter albedo and scattering phase

ext

function are given by

2
[0,..(D)D*N(D)dD
o= Equation 7
2
[0..(D)D* N(D)dD
0
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[ P©:D)0..,(D)D*N(D)dD
P(O)=2— Equation 8
[0.,..(D)D* N(D)dD

where O _ is the scattering efficiency and P(®; D) is the scattering phase function for an

sca

individual particle of diameter D.

In addition to expressions for the above efficiencies O and the scattering phase function P,
evaluation of all of the above integrals requires a suitable assumption concerning N(D).

Most commonly, the size distribution of rain drops is modeled as exponential, so that

N(D) = Ny exp(-AD). For any particular choice of Ny, Equations 4 and 5 govern the functional
relationship between the slope parameter A and the rain rate R (in still air) and between A and

wg. The empirically derived Marshall and Palmer (1948) relationship sets Ny constant at 8x10°
m™. Marshall and Palmer also specify A as a power-law function of rain rate R, but utilization of
this relationship leads to moderate inconsistencies (~10%) between the nominal rain rate and the

computed rain rate obtained from equation 5 when using an accurate fall speed relationship.

Although the Marshall-Palmer relationship is regarded as generally valid as a model for the mean
drop size distribution observed over a large number of diverse rain events, it is frequently a poor
approximation to reality in individual rain events. Differing precipitation particle growth
mechanisms, and subsequent evaporation and/or drop size sorting (due to the dependence of fall
speed on D), can lead to local drop size distributions that deviate wildly from the Marshall-
Palmer model and, indeed, from any simple mathematical model of N(D). Although a variety of
other empirical relationships (including three- or four-parameter models) have been published
for specific types of precipitation (e.g., convective vs. stratiform, etc.), there is as yet no accepted
basis for accurately prescribing N(D) for all of the many different meteorological environments

encountered in rain events around the world.

An attractive alternative to specifying the form of N(D) a priori for rain rate retrievals would be
to simultaneously retrieve one or more moments or parameters of N(D) along with the rain rate.
Unfortunately, experience to date suggests that the microwave spectral signature of these

parameters is not sufficiently strong or distinct to permit their retrieval in the presence of
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numerous other sources of geophysical noise. This is especially true when a layer of frozen
precipitation aloft is situated between the satellite vantage point in space and the layer of rain

below the melting level.

In summary, uncertainty in the correct specification of N(D) for rainfall at various points
throughout a 3-D model domain is an important source of uncertainty in the calculation of the
microwave optical properties k, @, and p(6©) at those points. Not only does it introduce
potentially significant errors into forward calculations of microwave radiance, but uncertainties
in NM(D) are also major sources of uncertainty in the estimation of surface rain rate from radar
data, which is frequently (and often too uncritically) employed as “ground truth” for satellite

precipitation estimates.

3.3.3.3 Cloud ice

Cloud ice particles are either significant for microwave radiative transfer calculations or not,
depending on their size relative to the wavelength. It is generally assumed that ordinary cirrus
particles are too small, and too weakly absorbing, to have a noticeable impact on observed
radiances at most common microwave frequencies. When the cloud ice particles are larger, as is
often the case in some denser cirrus clouds (e.g., remnants of cumulonimbus anvils) they may
have a non-negligible impact on microwave observations, especially at higher frequencies.
When that is the case, the computation of their optical properties follows the methods described

for precipitating ice (see below), and is subject to similar uncertainties.

3.3.3.4 Frozen Precipitation

As noted in Section 4.3.1, frozen precipitation commonly develops in the supercooled portions of
clouds. In fact, the majority of rainfall reaching the surface in most climate zones originates as
frozen precipitation aloft. Initially, ice particles introduced into a supercooled cloud grow by
vapor deposition, leading to the formation of snow crystals. These are typically highly structured
and delicate. The precise manner of snow crystal growth is highly sensitive to the environment:
various combinations of humidity and temperature may lead to ice columns, needles, plates,

dendrites, and any of an infinite number of possible combinations of these basic forms.

Under favorable conditions (e.g., warm temperature and/or dendritic crystal structure), individual

snow crystals may aggregate into larger assemblages known as snowflakes. Snowflakes are
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typically of very low density (approximately 1 part ice to 10 or more parts air) but may achieve

diameters of up to several centimeters in extreme cases.

As vapor-grown snow crystals particles become large enough to fall relative to suspended cloud
water droplets, they may begin to accrete supercooled droplets in a process known as riming. If
continued, the particle evolves from a vapor-grown snow crystal to an amorphous, irregular
particle of rime ice, known as graupel. Frozen precipitation particles observed in the field may
be found at any point on the morphological continuum between delicate vapor-grown crystals

and densely rimed graupel particles.

Because graupel and snowflakes are not only non-spherical but may exhibit highly irregular and
variable shapes from one particle to the next, one cannot, in general, specify a unique

relationship between particle size and fall speed, unlike the case for raindrops. Rather, it is often

preferable to specify a mass-weighted mean fall speed v and total hydrometeor density w (mass
of ice per unit volume of air), in which case the liquid-equivalent precipitation rate through a

fixed horizontal surface is approximately given by

zﬂ—Ww
P,

R Equation 9

where p, is the density of liquid water (~1000 kg/m3) and W is the updraft speed of the air in

which the particles are suspended. Mass weighted fall speeds typically range from less than 1
m/s for snowflakes to 3-6 m/s or more for denser graupel particles. Because of the low fall speed
of snow (~1 m/s or less), a given precipitation rate may correspond to a fairly high concentration
of total snow mass concentration w. For example, a 10 mm/hr liquid-equivalent precipitation

rate might correspond to a snow mass concentration approaching 3 g/m’.

Note further that because the fall speed of snow is three to four times smaller than that of rain,
even a weak updraft or downdraft in the atmospheric column can have a large effect on the
relationship between mean w and surface snowfall rate. Since microwave radiometers like CMIS
are sensitive to column-integrated optical properties of hydrometeors, uncertainty in W in any

given case can introduce large uncertainty into retrieved instantaneous surface precipitation rate.
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The next subsections describe techniques for modeling the microwave extinction and scattering

properties of frozen precipitation particles.

3.3.3.4.1 Graupel

Graupel particles are distinguished from snowflakes by their amorphous (non-crystalline)
macroscopic structure, relatively high density and compact shape. Graupel may come in various
forms, depending on the precise mode of growth and the degree to which riming has obscured
the structure of the original vapor-grown snow crystal or aggregate. Sometimes, graupel
particles maintain constant orientation as they fall, so that growth by riming occurs
predominantly on the downward-directed base of a conically shaped particle. Otherwise, graupel
particles appear as irregular lumps or spheroids. Graupel particles may range in diameter from

approximately 0.1 mm to several mm.

A common approach to modeling microwave properties of graupel is to treat them as spheres
composed of a mixture of ice and air. Typically, the proportion of ice by volume is estimated to
be 80-90%. Presumably, the exact proportion is variable, but inadequate field data exist to allow

a more precise characterization.

Given a dielectric mixture in which the scale of the heterogeneity is small compared to the
wavelength, one may define an effective bulk dielectric coefficient for the mixture and then
compute scattering properties for the entire particle (e.g., using Mie theory) as though it were
homogeneous. Two general dielectric mixing formulas are in wide use: that of Bruggeman
(1935) and Maxwell Garnett (1904). The Maxwell Garnett formula is derived by assuming that
one of the two constituents takes the form of small inclusions embedded in a matrix consisting of
the second constituent. The computed effective dielectric constant derived from the Maxwell

Garnett mixing formula is, in general, sensitive to a reversal of the roles of the two constituents.

The Bruggeman formula gives an alternative method of computing the bulk dielectric constant of
a mixture. Unlike Maxwell Garnett, the Bruggeman formula treats the two components
symmetrically — i.e., there is no need to specify which one is the inclusion and which one is the
matrix. The numerical results for Bruggeman tend to lie between those produced by Maxwell

Garnett for the two permutations of matrix and inclusion.
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It is not clear whether graupel is better modeled as a mass of ice inclusions (i.e. frozen cloud
droplets) embedded in a matrix of air or rather a matrix of solid ice with air inclusions, or
whether instead the Bruggeman formula is more realistic in its symmetric treatment of both
constituents. Fortunately, in the case of ice-air mixtures the choice has only a relatively minor

effect on the results, because of the relatively weak interaction of ice with microwave radiation.

More problematic is the specification of the particle size distribution N(D) for graupel. There are
few published measurements of graupel size spectra, and there is little reason to suppose that size
spectra will be the same from one rain cloud to another. On the contrary, individual particle size
depends primarily on total time spent growing in cloud and on the supercooled cloud water
density, not necessarily on total precipitation rate or graupel water content. Unlike raindrops,
graupel is not subject to breakup due to collisions or hydrodynamic instability at large sizes.
Therefore, there is less opportunity for a predictable size spectrum to emerge via a steady state

balance between growth and breakup processes.

In the absence of specific evidence to the contrary, most investigators model graupel as
following a exponential size distribution N(D) similar to that for raindrops, where D is now the
liquid-equivalent (melted) spherical diameter of the particle. Indeed, some models even utilize
the Marshall-Palmer relationship between the slope parameter A and rain rate R, though there is

no particular reason to believe that this relationship holds for graupel.

The non-spherical nature of many graupel particles also calls into question the use of Mie theory
to compute microwave extinction properties. A number of computational techniques exist for
obtaining optical properties of non-spherical particles. Graupel particles are reasonably good
candidates for most of these methods owing to the relatively small dielectric constant of ice,
relatively modest ratio of graupel particle size to microwave wavelength, and the comparatively
compact shapes of these particles. Nevertheless, such calculations remain tedious and time
consuming when whole families of shapes, sizes and orientations must be considered.
Furthermore, the specification of a realistic statistical distribution of each of these properties for

graupel is problematic, in view of the lack of quantitative observations.

Turk et al. (1999) modeled microwave radiative transfer in a rain cloud assuming that graupel
particles were conical in shape and oriented with their axes predominantly vertical. Their

calculations of microwave brightness temperature for an obliquely viewing satellite radiometer
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revealed a strong polarization effect due to the presence of oriented particles. Although
polarization effects are indeed observed in some rain clouds by satellite radiometers, the
observed magnitude of the polarization difference is generally smaller than that predicted by the
above model. Hence, we conclude that a compromise between the standard assumption of
spherical particles and that of highly oriented non-spherical particles might yield more realistic

results. No such model has ever been tested, to our knowledge.

To summarize, we believe that uncertainty in the size distribution of graupel particles constitutes
a major source of uncertainty in the calculation of the microwave optical properties of graupel.
Fall speed relationships are also variable and inadequately documented, introducing uncertainty
into the relationship between graupel particle concentration in the atmospheric column and
precipitation rate, as well as into the parameterization of cold cloud processes in dynamic cloud
models used to generate 3-D hydrometeor fields for radiative transfer simulations. Secondary
sources of uncertainty probably include (1) the effects of variable particle density (ice-air ratio),
(2) the choice of dielectric mixing formula, and (3) the effects of variable shape. A high priority

of future research should be to quantify some or all of these uncertainties.

3.3.3.4.2 Snow
There currently exist no fully validated models for microwave interactions with snow crystals

and snowflakes. The reasons are threefold:

1. There is as yet no generally accepted model for realistically representing the detailed, quasi-
fractal physical structure of a typical snowflake. Such a model is a prerequisite for
performing rigorous electrodynamic simulations of scattering and extinction by snowflakes

2. Even if such a physical model existed, the fine-scale structure of a snowflake, combined with
its fairly substantial total diameter relative to microwave wavelengths, would test the limits
of computational methods otherwise suitable for highly non-spherical particles, such as the
Discrete Dipole Approximation (DDA).

3. Field observations of the relevant microwave properties of falling snow, other than radar

backscatter, are spotty at best.

In the absence of completely satisfactory theoretical models or empirical observations of
microwave extinction and scattering by snow at CMIS frequencies, radiative transfer calculations

must be based on somewhat speculative analogues. Examples include the following:

ATBD for CMIS 5-55 This document is intended for non-commercial
Precipitation Type and Rate EDR use only. All other use is strictly forbidden without
prior approval of the U.S. Government.



ALGORITHM DESCRIPTION

1. Model a snowflake as an equivalent-mass solid ice sphere.

2. Model a snowflake as an equivalent-mass ensemble of numerous smaller, independently
scattering solid ice spheres.

3. Model a snowflake as an equivalent-mass spherical ice-air mixture, using Maxwell Garnett
or Bruggeman theory to compute an effective mean dielectric constant. In this case, the ice
fraction by volume is often taken to be near 10%, a value that is plausible but nevertheless ad
hoc in the absence of relevant measurements.

4. Apply the Discrete Dipole Approximation to a subjectively defined non-spherical particle

shape intended to at least qualitatively approximate that of a real snowflake.

Various authors have utilized methods 1 through 3, but no systematic intercomparison of the
three methods has yet been undertaken, to the best of our knowledge. Evidence collected by
Petty (2001a) from SSM/I observations of tropical rain clouds suggest that Method 2 or 3 may
yield reasonable brightness temperature simulations, provided only that the particle size and/or
density assumptions are empirically tuned to match the observed spectral dependence of
multifrequency brightness temperatures. In general, it has been found that the mean ice particle
sizes must be significantly smaller than those predicted by a standard snow particle size
distribution model such as that of Sekhon and Srivastava (1970), otherwise predicted scattering

is too intense at 37 GHz relative to that observed at 85.5 GHz.

Unfortunately, none of the empirical evidence to date allows a clear choice to be made among
the first three methods, in part because field or satellite observations of microwave radiances or
extinction have rarely been coupled with suitable direct measurements of the relevant physical
properties of the particles (e.g., mass and diameter). Furthermore, it is not certain whether
surface-based observations of snowflake properties (sizes, shapes, fall speeds, etc.) can be safely

extrapolated to higher altitudes and colder temperatures in rain clouds.

While potentially the most rigorous of four methods (if the particle structure is correctly
specified), Method 4, to our knowledge, has never been attempted except for relatively small,

simple ice particle shapes more characteristic of cirrus than of complex snow aggregates.

In theory, radar observations of microwave backscatter can yield some insight into the validity of

candidate models for snowflakes. However, radar backscatter is sensitive to different aspects of
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the particle geometry than are the optical parameters k, @, and P(®) required for forward
radiative transfer calculations. It is possible, though not certain, that a model that yields
satisfactory results for radar backscatter may significantly over- or underestimate microwave

extinction and/or scattering, especially scattering at relatively small angles.

In summary, several potential methods exist for parameterizing the microwave optical properties
of snowflakes. However, it is presently impossible to attach meaningful estimates of the

uncertainty or error to any such model.

3.3.3.4.3 Hail

In terms of the growth processes involved, hailstones are merely an extreme form of graupel.
The primary differences lie in the particle size, which can exceed 10 cm or more in rare cases,
and in the fact that hailstones often experience wet growth (i.e., freezing of liquid that has spread

over the surface) rather than riming.

Because of their large size relative to the wavelength, the presence of hailstones in the
atmospheric column can potentially have significant effects on microwave radiative transfer.
Furthermore, hail is probably present in at least the upper half of most convective storms
producing heavy rain rates at the surface. Because the EDR threshold performance requirements
include the ability to measure heavy rain rates of up to 50 mm/hr, the potential implications of

hail for CMIS rain rate retrievals must be considered.

Because of the typically wet growth of larger hailstones, the air fraction in hailstones is
presumably negligible, thus the dielectric coefficient of pure ice may be used in the interior of
the hailstone. However, a surface film or shell of liquid water may be present due to latent heat
of freezing, even when the hailstone is well above the melting level. The presence of a liquid
water film has profound effects on the microwave scattering properties of an ice particle because

of the much larger complex index of refraction of water.

From a theoretical perspective, modeling the microwave properties of a hailstone is
straightforward, as analogues to Mie theory have been derived for coated spheres. However, in
order for such computations to be quantitatively useful, it is necessary to accurately specify not
only the radius of the inner ice core but also the thickness of the outer water shell. At present,

even cloud models that explicitly predict the growth and fallout of hail in convective storms
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(sometimes in place of graupel) generally do not provide sufficiently detailed information
concerning such hailstone properties. These must therefore be specified in an ad hoc way, with

unknown implications for the error budget of the radiative transfer calculations.

3.3.3.4.4 Mixed phase precipitation

The melting zone, which extends perhaps 0.5 km or so below the 0°C isotherm, corresponds to a
zone of anomalously high radar reflectivity known as the “bright band.” The bright band is
normally observed in stratiform precipitation, where snowflakes and aggregates melt and
collapse in a fairly orderly fashion as they descend to lower altitudes. Theoretical explanations
for the bright band generally invoke a combination of (1) a dramatic increase in snow particle
reflectivity, as large aggregates begin to become coated with a film of liquid water, followed by
(2) a subsequent reduction in per-volume reflectivity due to two factors: a reduction in the
particle diameter as the low-density snowflake collapses to a raindrop and a corresponding
increase in the fall speed, reducing the number concentration of particles in a given volume of

air.

There is growing recognition that the melting zone may have important implications for passive
microwave radiometry as well, owing to enhanced microwave extinction and emission per unit
volume relative to either the snowfall above the 0°C isotherm or the pure rain below the melting
zone. One study (ref?) suggested that precipitation in the melting zone may be up to four or more
times as attenuating (per unit distance) as rainfall of the same intensity. However, conclusions
about this and related issues are extremely sensitive to one’s assumptions about particle fall

speed and to the model used for microwave extinction by melting snowflakes.

Similar to the case for dry snowflakes, one may utilize the dielectric mixing formula of either
Maxwell Garnett or Bruggeman. However, now three constituents (ice, water, and air), rather
than two, must be considered. This requires an extension of the mixing formulas, which were
originally derived for only two components. The method employed by Petty (2001b) entails
computing an effective dielectric coefficient for a mixture of two of the three components and
then using the formula a second time applied to a combination of the first mixture and the third
pure component. In the case of the Maxwell Garnett method, there are 12 different possible
permutations of the three constituents and, as noted by Meneghini et al. (1999), the computed

effective dielectric function is very sensitive to which one is utilized. Unfortunately, in the
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absence of suitable direct measurements of the microwave properties of melting snowflakes,

there is little clear support for any particular choice.

In summary, modeling of the melting layer in rain clouds for microwave radiative transfer
purposes remains a relatively new area of endeavor that, to date, has yielded little reliable
guidance. It is therefore difficult to characterize the likelihood of gross errors in computed

microwave radiances resulting from ad hoc assumptions of the type outlined above.

3.3.4. Radiative transfer simplifications

In view of the numerous uncertainties in key optical parameters in rain clouds, there is little
justification for using the most accurate and comprehensive form of the microwave radiative
transfer equation as given by Equation 1. The introduction of certain simplifications greatly
reduces the conceptual complexity and computational burden associated with solving the RTE,
while contributing errors that are believed to be tolerable in comparison to the other error
sources. Key simplifications utilized in microwave remote sensing of precipitation include the

following:

3.3.4.1 Directionally isotropic optical properties

In general, when preferentially oriented non-spherical hydrometeors (e.g., ice crystals, flattened
raindrops) are present, microwave extinction and scattering coefficients in a volume of cloud
depend on the direction of the incident radiation. The specification of such a directional
dependence at every point in a 3-D domain is cumbersome and depends on highly uncertain
models of mean radiative extinction and scattering by oriented non-spherical hydrometeors.
We ignore the directional dependence and specify all optical properties to be independent of
incident direction except for reflection from the lower boundary. It is not known how much

uncertainty this simplification introduces, but it is believe to be on the order of a few K or less.

3.3.4.2 Scalar radiative transfer

Scattering and extinction of polarized microwave radiation is most accurately treated via the
vector form of the radiative transfer equation, in which the radiance is characterized by 4 Stokes
parameters, and all transformations of this vector (e.g., via scattering or reflection) are
represented via 4x4 matrix operators. Again, the full vector treatment of radiative transfer is

considerably more cumbersome than is warranted by the expected additional accuracy.
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Therefore we utilize a scalar approximation to the radiative transfer equation in which each
polarization (vertical and horizontal) is considered independently. Scattering and extinction
parameters aloft are then the same for both polarizations, and only the polarization-dependence
of surface emissivity/reflectivity is deemed responsible for most polarization differences
observed from space.

Implicit in the above approach is the idea that the original polarization state of a propagating
photon is completely “scrambled” the first time the photon undergoes a scattering event. Thus,
only radiation directly transmitted (i.e., without scattering) from the surface through the rain
cloud contributes to differences in radiances observed in vertical or horizontal polarization. This
assumption, though crude, is of great practical importance for the ocean precipitation retrieval
algorithm described herein. Its approximate validity has been confirmed through more accurate

radiative transfer calculations; the resulting errors are on the order of a few K or less.

3.3.4.3 Simplified scattering phase function

The scattering phase function associated with a given particle, or ensemble of particles, may be a
relatively complicated function of the scattering angle. It is common to approximate phase
functions for diverse particles as truncated series expansions expressed in terms of orthogonal
functions. The number of coefficients that must be retained for good accuracy is generally
similar to the size parameter x of the particle, where x = 2mr/A, r is the particle radius and A is the
wavelength. For a frequency of 150 GHz and a snowflake radius of 5 mm, the size parameter is
approximately 15, implying that a similar number of coefficients would be needed to accurately
describe the phase function in this case. At the lower frequencies and smaller particle sizes most
commonly considered in microwave radiative transfer calculations, the size parameter is

proportionally reduced.

For ideal spherical particles, Mie theory is used to compute the phase function. For less ideal
particles, other methods exist but are cumbersome. It is therefore common to represent non-
spherical particles as “equivalent Mie spheres,” based on mass, surface area, effective dielectric
constant, etc., even though there is little theoretical or observational support for the validity of

this practice or for the optimal choice of equivalent particle parameters.

Details of the phase function are most important for radiative transfer calculations when a highly
directional source of radiation (e.g., the sun) appears in the problem. In passive microwave

remote sensing of precipitation, the primary source of radiation is thermal emission, which tends
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not to be highly directional (as seen from a given point within the scattering media), except
perhaps when a localized strong emitter is viewed at a distance against a cold background (e.g.,
space, or a strongly reflecting surface). Consequently, the details of the phase function are
washed out when radiation arriving from numerous different directions is scattered into the
viewing direction. It is therefore reasonable to substitute highly simplified representations of the
scattering phase function for the true (e.g., Mie-calculated) phase functions. The simplest
common representation utilizes only one free parameter, the scattering asymmetry factor g, to
completely characterize the phase function. The angular dependence of scattering is given as a
simple idealized function of g. The most widely used function of this type is the Henyey-

Greenstein phase function.

For computations in which an analytic phase function is required (e.g., for Monte Carlo
computations in 3-D domains), we utilize the Henyey-Greenstein phase function. For 1-D
polarized radiative transfer calculations formulated in terms of series expansions of Mie-derived
phase matrices, we utilize the full Mie-derived results, but with the understanding that these may

in any case give poor approximations to scattering from non-spherical hydrometeors.

The effect of the utilization of simplified phase functions on the accuracy of microwave radiative
transfer calculations is unknown but assumed to be of the order of a few K or less. Direct
comparisons between exact and approximate methods are needed to quantify the likely

contribution to the total error.

3.3.4.4 Surface reflection

Over a perfectly smooth water surface, microwave emissivity and reflectivity is accurately given
by the well-known Fresnel relations, which require only the incidence angle and the dielectric
coefficient of the water. In general, natural water surfaces are almost never smooth but are
roughened to varying degrees by the action of wind. When wind-induced roughening is present,
a water surface is no longer strictly a specular reflector. Both small- and large-scale
perturbations in the surface height, as well as the presence of wind-induced foam and spray, lead
to perturbations in surface emissivity and also broaden the angular distribution of reflected
radiation. No completely rigorous model yet exists for modeling these effects. Therefore, it is
common to utilize the specular approximation to surface reflection and, where necessary, to
apply empirical adjustments for wind roughening. In particular, in cases involving precipitation,

surface effects associated with wind roughening and raindrop splashing are believed to be of
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second order importance in observed brightness temperature variability. Hence, we adopt the
Fresnel model of ocean surface reflectivity with simple adjustments for roughness-induced

emissivity changes where required.

With few exceptions, land surfaces are far from smooth on scales of millimeters and larger and
therefore cannot be represented as specular reflectors. Rather, inhomogeneities in the soil,
vegetation, and topographic variability scatter incident radiation in a variety of directions.
Theoretical models for land surface scattering are based on strong idealizations of surface
structure and are generally regarded as highly approximate. Moreover, no model can yet
accommodate the wide variety of surface and vegetation types encountered globally. We
therefore rely heavily on empirical maps of surface emissivity and simple (e.g., Lambertian)

models of the angular distribution of scattering

As 1is the case for several other simplifications discussed earlier, we have no accurate basis for
quantifying the errors introduced by this approximation but we believe them to be on the order of

~1 K.

3.3.5. Forward Model Used For Rain-Rate Studies Over Land

The general radiative transfer approach, and the OSS implementation, are described in detail in
the Core Module ATBD. The tests described here use a specialized version of OSS, called
OSSCAT. Since this is a non-polarized radiative transfer code, no explicit distinction is made
between the horizontal and the vertical polarizations. OSSCAT is a combination of OSS and an
extension of the CHARTS model (Code for High-resolution Accelerated Radiative Transfer with
Scattering) to the microwave-submillimeter region (Moncet and Clough 1997). CHARTS is
based on the adding-doubling method, with a specified number of discrete angles for the
radiance computation. The individual electromagnetic efficiencies are computed off-line, using
the Mie code, and the integration over the particle size distribution can be done outside or inside
the forward model. The main advantage of this latter option is that it eases the modification and
the impact study of the distribution. It also gives us the flexibility of modifying (and retrieving)
the effective radius and the variance of the particle size distribution. When several hydrometeor
types are present in the same layer, the resulting absorption and scattering coefficients are the
sum of each individual absorption and scattering coefficient. The asymmetry coefficient is in
this case the weighted average of the individual asymmetry coefficients, the weights being the

individual scattering coefficients. The particle size distribution of the liquid rain follows
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Marshall and Palmer (1948). The frozen rain particle size distribution follows Sekhon and
Srivastava (1970). The non-precipitating cloud liquid water particle size distribution is assumed

to follow a gamma function.

Examples of the forward model simulations (over ocean) are shown in Figure 6. It shows the
spectral variation of the simulated brightness temperatures for a non-raining situation and for
rain rates of 2, 10, and 20 mm/hour. The calculations have been made using the ‘U.S. Standard
Atmosphere’” with a wind speed of 7 m/s. The variation of the brightness temperature with the
rain rate is consistent with our understanding of the physics. The clear sky brightness
temperature is low because the simulations are done over ocean (emissivity =0.5). As the rain
rate increases, the spaceborne instrument sees less and less of the highly polarized radiation
emitted by the sea surface, and increasingly sees the radiation emitted by the rainy layer which is
both radiometrically warmer and less polarized than the surface. Thus the resulting brightness

temperature increases and the polarization difference decreases with increased rain rate.
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Figure 6: Rain effect on simulated brightness temperatures for both vertical (dashed lines) and
horizontal (solid lines) polarizations. Rain has been added in the lowest two layers of the profile.
The surface wind speed is 7 m/s. The sea surface emissivity model is based on Wilheit. Results
are shown for cases without rain, cases with rain rate of 2 mm/hr, 10 mm/hr and 20 mm/hr. All

simulations are done using the U.S. standard atmosphere.

3.4. Mathematical Description of Algorithm

3.4.1. Ocean algorithm
The ocean precipitation rate algorithm has two main parts: (1) a highly simplified forward

radiative transfer model that permits the FOV-averaged polarization difference field to be
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computed at each frequency from the 2-D surface rain rate field in the CMIS swath, and (2) an
algorithm for iteratively improving the agreement between observed and forward-calculated

polarization fields.

3.4.1.1 Simplified forward model for polarization

A highly simplified algebraic treatment of the forward radiative transfer for polarized brightness
temperatures in idealized rain clouds suggests that the polarization difference (vertical minus
horizontal) due to the polarized emissivity of the ocean surface is reduced approximately in
proportion to the square of the transmittance of the rain layer. This approximate relationship is
borne out by detailed plane-parallel radiative transfer calculations, assuming realistic (1-D) rain
cloud structures and hydrometeor properties. Thus, the normalized polarization difference P,
defined as

P TBV_TBH

Equation 10

TBVO - TBHO

where the brightness temperatures in the denominator represent hypothetical cloud-free ocean

brightness temperatures, is approximately related to rain cloud transmittance T by

P=1" Equation 11

where the exponent =2 according to a simplified algebraic treatment but is found to be closer to
1.7 based on detailed radiative transfer simulations. P therefore decreases monotonically from
unity for a cloud-free scene to near zero for an opaque rain cloud. It is therefore a nearly direct
(albeit non-linear) measure of the rain cloud total transmittance, irrespective of the degree of
scattering present or of variations in background temperature, ocean surface roughness,

atmospheric water vapor content, etc.

For the purposes of the CMIS precipitation module, estimates of the cloud-free ocean brightness
temperatures required by Equation 10 are obtained as a byproduct of the CMIS Core Module
utilized to retrieve other variables outside of precipitation. Within precipitation, where other
environmental parameters cannot be directly retrieved, it is sufficient to interpolate the latter

from the surrounding area.
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3.4.1.1.1 Dependence of P on local rain rate

The precise relationship between P and surface rain intensity R must be established in part
empirically, because it depends on the details of the vertical distribution of hydrometeors, which
are highly variable and not well-documented on a global basis. However, a simplified
atmospheric model may be used to obtain an approximate relationship, which may be

subsequently tuned to fit detailed radiative transfer calculations and direction observations.

First we assume a power law relationship between R and the volume extinction coefficient k. z :

k,, .=0R" Equation 12

ext,R

where « and £ depend on frequency and the assumed raindrop size distribution. If we then
assume an effective geometric depth H for the precipitation layer, then the optical depth due to
rainfall alone becomes

o=k, H=0R"H . Equation 13

ext,R

Additional contributions to total rain cloud optical depth include that due to cloud water path L

and ice water path [:

o, =K, L Equation 14
O, =K, 1 Equation 15

where &, represents the mass extinction coefficient for the constituent in question. The total
rain cloud optical depth is thus

o=0,+0,+0, Equation 16

and the total rain cloud transmittance can be modeled as

B
—o/cosé aR H+Ke‘ctLL+Kext,I]

T=e =exp| — C(;s,’é? Equation 17

The values of L and 7 are expected to be statistically correlated with surface rainfall intensity, but
there is no unique one-to-one correspondence that is valid for all rain clouds, nor is even an
estimated average global relationship available from field data. However, extinction by rainfall

is expected to dominate in most rain clouds, except when the rainfall is very shallow or when
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snow is reaching the surface without melting. The observed normalized polarization P can

therefore be written as

B
P=7"4+0,= exp{— }/(aR H —;f(R))} +0, Equation 18
cos

where f(R) represents the empirically determined mean relationship between surface rain rate and
combined cloud liquid water and ice water optical depths, the coefficients o and f are
determined as best-fit values to theoretical calculations for an appropriate raindrop size
distribution (e.g., Marshall-Palmer), and H is closely related to the geometric depth of the rain
layer, which in turn is usually assumed (in the case of cold-cloud rainfall) to be closely related to
the freezing (melting) level height Z;. The latter is estimated from the temperature profile

retrieved by the CMIS Core Module.

The term ¢, is a catch-all for both random and non-random errors and uncertainties arising from
model simplifications, statistical variations in the true relationship between /, L, and R and in the
corresponding extinction coefficients and other variables, and instrument noise. In order to
maximize the retrieval performance of the Ocean Precipitation Module, it is desirable to
minimize the mean and variance of ¢, through careful tuning of the simplified model to full
radiative transfer calculations as well as actual microwave observations where available.
Equally important is a realistic characterization of the maximum expected magnitude of J,, as
this information will control the maximum discrepancy that will be tolerated between observed

and forwarded-calculated P before an adjustment to the retrieved rain rate field is required.

In the version of the rainfall algorithm originally developed by Petty (1994) for the SSM/I, the
function f(R) was actually represented by a constant optical depth computed for 0.5 kg/m2 of
cloud liquid water at the frequency in question. The effective rain layer depth H was taken to be
equal to the freezing level Z;. Both of these ad hoc assumptions yielded good performance in
recent SSM/I rainfall algorithm inter-comparisons; however, a more sophisticated approach

based in part on detailed modeling studies is anticipated for CMIS.

3.4.1.1.2 FOV-averaged P
The previous model for the dependence of P on surface rain rate R does not account for possible
variability of the rain rate within a finite field-of-view (FOV). If horizontal variability in the

rain cloud structure is not too extreme, then the rain cloud may be regarded as locally plane-
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parallel for radiative transfer purposes. In this case, the average polarization P observed over a

finite field of view is given by

P= J. LOV G(x, y)P[R(x, y)]dxdy , Equation 19

where G(x,y) represents the unit-normalized effective antenna gain function (including the

effects of temporal averaging) appropriate to the pixel in question.

For the purposes of the retrieval algorithm, the rain rate field R(x,y) is approximated as an
horizontal grid of spatially contiguous, rhomboidal retrieval cells, within each of which the rain
rate is assumed to be constant. Thus, for the (i,j)th FOV in a given CMIS data swath, the

observed FOV-averaged polarization is modeled as

o M N '
F;= ZGIZ,IP(RI(-H‘,HI‘) ; Equation 20
k=M I=—N
where
M N )
Y 2.6 =1, Equation 21
k=—M I=—N

where i is the position of the pixel in a scan andj is the scan number in the swath. The weighting
coefficients G depend on the sizes of the respective retrieval cells and their positions within the
FOV. Because the relative geometry of pixels and rain retrieval cells is assumed constant from
scan to scan, the coefficient arrays G’ depends on i but not j. The dimensions of these arrays are
(2M + 1) x (2M + 1), where M is chosen to ensure that all retrieval cells making a non-negligible
contribution to the FOV-averaged polarization are included in the summation indicated by
Equation 20. Thus, M is small for high-resolution channels and proportionally larger for low-

resolution channels.
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Figure 7: Example of the relationship between rain rate retrieval cells (contiguous

parallelograms) and sensor FOVs (ellipses) for a single AMSR scan. a) 18.7 GHz b) 89.0 GHz.

Figure 7 illustrates the relationship between sensor FOVs and rain rate retrieval cells for two
channels of a current generation sensor, the Advanced Microwave Scanning Radiometer
(AMSR). In this case, the centers of the retrieval cells are chosen to coincide with the centers of
the 89 GHz channel FOVs. For CMIS the retrieval grid will be constructed so as to be consistent
with the sampling pattern of the 89-GHz brightness temperature CFOV arrays utilized in the

rainfall retrieval.
3.4.1.2 Inversion

3.4.1.2.1 Overview
Given a 2-dimensional array of surface rain rates R, where each element Ry; corresponds to an

assumed constant rain rate within the k/th retrieval cell, equations 18 through 20 yield the
predicted 2-dimensional polarization field Pat a given frequency. Thus, the forward model,

while highly simplified in its treatment of radiative transfer through vertical hydrometeor

profiles, takes explicit account of the spatial pattern of rainfall within a given FOV.

The objective of the Ocean Precipitation Submodule is thus to find a high-resolution rain rate

field R such that the observed polarization P field for each frequency utilized in the inversion is

consistent with the forward-calculated P to within a specified tolerance AP for each pixel. The
5-69
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tolerance AP is carefully chosen for each retrieval frequency to allow for errors associated with
the simplified forward radiative transfer model (i.e., the J,in Eq. 18), errors due to the

simplified treatment of inhomogeneous rainfall (i.e., Eq. 20), and instrument error, which is
believed to be a minor contributor to the total error budget. If AP is too large for a given CMIS
frequency, then the physical information carried by that frequency will have too weak an
influence on the final rain rate field. If AP is set too small, the retrieval may be overconstrained,
leading to instability and, possibly, an inability to find a rain rate field that is simultaneously
consistent with all relevant CMIS channels. Because AP is designed to allow for significant
microphysical and radiative transfer modeling uncertainties, which by definition cannot be
quantified a priori, the optimal value of AP for each channel must ultimately be determined

based in part on experience with actual retrievals.

The actual inversion algorithm takes the following general form:

1. For each rain rate retrieval cell, determine whether or not precipitation may be present. Cells
deemed unlikely to contain significant precipitation are permanently initialized to zero rain
rate and cannot be subsequently modified. The purpose of this step is to help constrain the
retrieved rain rate field in cases of partial FOV-filling and to reduce unnecessary

computational effort in the inversion.

2. For retrieval cells in which non-zero precipitation is possible, initialize the rain rate to a first-

guess value Ry.

3. For the nth CMIS frequency utilized in the inversion, forward-calculate the polarization field

from the current-guess rain rate field.
4. For each pixel in which the difference between the actual and calculated P exceeds the
specified threshold AP, adjust the relevant rain rate values in a manner which reduces the

difference.

5. Repeat steps 3 and 4 for each CMIS frequency utilized in the inversion.
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6. Repeat steps 3 through 5 until no pixel violates the consistency threshold AP or else the

maximum allowed number of iterations has been executed.

The following subsections elaborate on each of these steps.

3.4.1.2.2 No-rain/possible-rain mask

There is a one-to-one relationship between the rain rate retrieval cells and CMIS 89-GHz CFOV
pixels. At this frequency, even shallow light rainfall is relatively opaque; therefore, a relatively
large value of P effectively precludes the presence of significant precipitation at that location.
Furthermore, the 89 GHz channels have the densest sampling and highest resolution of any of the
CMIS window frequencies. Thus, the 89 GHz channels are ideal for defining both the geometry

of the retrieval grid and the likely presence or absence of precipitation in each cell.

Specifically, a retrieval cell is flagged as containing no rain if the corresponding value of Pgo is
not inconsistent with non-precipitating column cloud water content in excess of 0.5 kg/m’.
When precipitating ice is present, this criterion can fail because of the polarizing effect of
oriented ice particles. However, the presence of such particles is invariably associated with
significant scattering of microwave radiation at 89 GHz, which is readily detected via the §
parameter defined by Petty (1994a,b):

S=PTly,,+(1-P)T.—Ty, Equation 22

Therefore, an additional criterion for flagging a pixel as containing “possible rain” is the
condition that Sg9 > Sgg . The latter threshold is chosen large enough to exclude background

noise outside of precipitation. For the SSM/I at 85.5 GHz, a threshold of 15 K worked well.

3.4.1.2.3 First guess rain rate

The rain rate field can theoretically be initialized to any reasonable value between 0 and ~50
mm/hr, since it will be subsequently modified to eliminate inconsistencies between forward-
calculated and observed P at each frequency. There are two reasons, however, to try to choose
the first guess rain rate in each retrieval cell in a less arbitrary fashion:

e FEfficiency: The closer the initial guess is to the true rain rate, the fewer the iterations

required in order to achieve convergence.
e Additional information at high rain rates: At high rain rate values, all channels used in the

inversion procedure may saturate, in which case the first guess rain rate cannot be modified
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based on the information in those channels. In this case, the first guess value is also the final
value.

e Additional information in shallow or frozen precipitation: When the melting level is at a
very low altitude, the depth of the liquid precipitation layer may be very shallow to non-
existent. Under these conditions, the precipitating cloud will often be relatively transparent
to surface emission, in which case the polarization signature of the precipitation may be
smaller than the tolerance AP. The algorithm then cannot distinguish between zero
precipitation rate and relatively high precipitation rate based on the observed value of P
alone. Using scattering information as well (see below) allows a non-zero estimate of

precipitation rate to be made based on the presence of frozen hydrometeors.

The first guess rain rate Ry is thus specified based on the intensity of scattering at 89 GHz, as
indicated by the scattering index Sy (see definition above):
S
R, =2 Equation 23
Sk
where the parameter Sg is chosen empirically and is approximately 4 K per (mm/hr) for the 85.5

GHz channels of the SSM/I. A similar value is expected for the 89 GHz channels of CMIS.

Note that this is the sole point in the algorithm in which scattering information is utilized in the
rain rate retrieval. Therefore the first guess is completely independent of the subsequent physical

inversion stage.

3.4.1.2.4 Rain rate modification

The overall objective of each iteration during the physical inversion stage is to efficiently
eliminate excessive inconsistencies between forward-calculated and observed normalized
polarizations while minimizing the disturbance of rain rate estimates that are already consistent
with the observations. Thus, the following general principles apply:

e No modification to the rain rate in a given retrieval cell is undertaken if the observed

polarization discrepancy ‘f’ =P, ea| 15 less than AP for all pixels overlapping that retrieval

cell.
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e Where modifications are necessary, the target for new forward-calculated polarization is

=P, red i%AP , where the choice of sign yields the value of P, nearest to the last

target arget

forward-computed polarization P.

e The degree of modification to the rain rate in the jth retrieval cell is proportional to the
sensitivity 813/ dR; of the forward-calculated polarization to changes in the rain rate in that

cell. This prevents changes from being made where they would have no effect (e.g., outside
of the FOV or in optically thick rainfall) and maximizes changes where they would have the
greatest effect. This is, in effect, a multidimensional gradient descent algorithm, with
modifications to prevent the appearance of non-physical negative rain rates and to limit the
maximum change in any one iteration.

e The total adjustment to all rain rates influencing a given pixel during a single iteration is

computed so as to efficiently shift the forward-calculated P toward P, based on a

arget >
linearization of Equation 18 with respect to AR .

e Because adjacent fields-of-view may significantly overlap and therefore contain redundant
information, the actual magnitude of the change in R due to a single FOV is reduced by an
effective overlap factor, so that retrieval cells “shared” between two or more FOVs are not

over-corrected.

3.4.2. Land algorithm

For the land precipitation algorithm, a statistical algorithm is trained on radiative transfer
simulations for a variety of rain cloud properties and surface types. Because of the many degrees
of variability in rain cloud scenes over land, as well as the potential non-linearity associated with

the use of surface-blind sounding channels, a neural network approach is envisaged:

R=f (ATB) Equation 24

where f{ ) represents the trained network and ATB is a vector of multi-channel brightness

temperature anomalies relative to the precipitation-free background emission, as estimated by the

CMIS Core module.

3.4.2.1 Neural-Net Description
The neural-net (NN) used to perform the retrievals consists of a two-layer network (Figure 8)

which uses all of the useful CMIS channels (27). (See EN #13.) The transfer function for the
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first layer is a sigmoid with 27 inputs and 3 neurons (three outputs). The second layer is linear
and contains 1, 2 or 3 outputs, depending on the combination of parameters to be retrieved (IWP,

LWP, RR). These functions are described as: sigmoid(x)=1/(1+exp(-x)) and purelin(x)=x.

Prior to training the algorithm the training dataset was pre-processed with the aim of regularizing
it by preprocessing the brightness temperatures (TBs) using the min-max method so that they are
within the range [-1,1] and the outputs are also regularized the same way. This has the
advantage of minimizing the risk of over-fitting. The training method (i.e., computation of the
weights and biases) is based on Levenberg-Marquardt’s method. An independent dataset was

also used in order to test the resulting neural-net.

»| Rain Rate

Thbs

LwWP

\ 4

N

L

N »| IWP
L

Figure 8: Organization of neural-net algorithm aiming at the simultaneous retrieval of the rain

rate, total liquid water path (LWP) and the ice water path (IWP).

3.4.2.1.1 Data for Training Operational Neural-Net Algorithm

Several considerations lead to the conclusion that the neural-net (NN) should be trained using
model data rather than measured data (“real data”). First, real data are not representative of
global conditions as they are acquired at a single point in time for a single geographical location.
The collection of an extensive amount of field data is both time consuming and very expensive.
While data from previous campaigns may be used to develop a truth database, care must be taken

to ensure that this data is on the proper spatial scales for use by the CMIS algorithm. Model
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data, however, can be representative of the large range of conditions to be observed by the
operational sensor, and can be tuned to real data from various field campaigns. Thus real data
will be used to refine the model data for extreme situations. Another consideration for the use of
model data is that training the algorithm using only real data will prevent the algorithm from
working right after launch, as time is needed to collect a sufficient amount of co-located satellite
and truth (field) data. Further, training the cloud models with real data is limited because there is
not enough truth data for the detailed cloud microphysics (particle shape, size distribution, etc.),
but one can always generate these parameters randomly using model data in order to span the

range of possibilities.

3.4.3. Precipitation Type (Land and Ocean)

The preliminary algorithm for precipitation classification is based on a simple threshold method:
If the estimated atmospheric freezing level Z; above ground level in the vicinity of precipitation,
as derived from the CMIS Core module, is less than a threshold Z; i, then the precipitation is
classified as frozen, otherwise it is liquid. The optimal value of Z; ., requires further

investigation but is currently taken as 0.5 km.

3.5. Comments on the Uniqueness of the Solution

Different physically admissible atmospheric states (EDR values) may map to effectively
identical microwave multi-channel radiances. To illustrate this problem of uniqueness, two
geophysical cases were examined. The spatial characteristics (integrated path amounts) are
shown in Table 5 with the vertical profiles shown in Figure 9. The resulting computation of the
satellite-observed microwave spectrum is shown in Figure 10. It is clear that it would be very
difficult to separate these two profiles given only the radiances. However, not all physically
admissible atmospheric states are equally likely. Therefore, given the correct a priori statistical
distribution of candidate atmospheric states and a perfect forward radiative transfer model (i.e.
one that correctly maps a given atmospheric state to its associated microwave observation
vector), then, by Bayes Theorem, any given microwave observation vector defines a narrowed
point-distribution-function of candidate solutions, from which the maximum likelihood solution

and the error covariance may be derived.

In practice the a priori statistical distribution of atmospheric states in precipitating cloud systems
is poorly known from existing observations. Examples of variables which are critical in

mapping EDR variables to microwave radiances, but which are poorly documented on a global
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basis, include the spatial and temporal variability of hydrometeor sizes, shapes, phases,
concentrations, and particle densities. Two solutions exist which could rectify these problems:
(1) a massive field observation program, or (2) the use of cloud models to generate a priori
statistics. However, field campaigns can obtain only a few variables for a limited set of cases
and conditions in order to be cost-effective, while models predict only some of the variables
required, and different models yield different results. Further, model validation itself requires
extensive field campaigns. Even if a priori statistical distributions of hydrometeor mixing ratios
and other key rain cloud properties were reasonably well determined, practical microwave
radiative transfer models must employ numerous approximations and assumptions, many of
doubtful validity (e.g. the assumption of simple plane-parallel geometry despite complex 3-D

cloud structure).

The retrieval of rain rate, IWP, and LWP in rain clouds from microwave radiances entails
considerable physical ambiguity, even under highly constrained conditions. The ambiguities are
exacerbated by a lack of credible statistical constraints on key micro- and macro-physical
properties of real rain clouds in different environments. Additional uncertainties arise from the
highly simplistic models currently used for extinction and scattering by most ice particle types.
Thus greatly improved statistical, microphysical, and microwave optical models of rain clouds
are needed both to mitigate the physical ambiguities and in order to derive credible estimates of

global algorithm performance.

Parameter Case 1 Case 2
Cloud Liquid Water Path (CLWP) 0.58 2.30
Rain Water Path (RWP) 1.68 1.44
Graupel Water Path (GWP) 2.36 0.21
Snow Water Path (SWP) 0.66 0.65
Liquid Water Path (LWP = CLWP + RWP) 2.26 3.74
Ice Water Path (IWP = GWP + SWP) 3.02 0.85
Total Water (TWP = LWP + IWP) 5.28 4.60
Rain Rate (RR) 8.0 6.1

Table 5: Rain cloud parameters used to show radiometric ambiguity.
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Figure 9: Vertical distributions of horizontally uniform precipitation. The surface rain rates are

(a) 8.0 mm/hour and (b) 6.1 mm/hour.
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Figure 10: Satellite-observed microwave spectrum for the two precipitation cases described in

Table 5 and shown in Figure 9.

3.6. Algorithm Performance
There are three basic approaches that can be utilized to estimate algorithm performance:
1. Empirical comparison of algorithm results with ground “truth” data. This is of course

impossible with sensors that have not yet been launched. Furthermore, the scarcity of
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validation data of sufficient quality and diversity remains a major challenge for validation
of rain rates, especially over ocean and unpopulated land areas. Nevertheless, some
insight may be gained from the comparative empirical performance of passive microwave
algorithms applied to data from earlier sensors, such as the SSM/L

2. Simulated retrievals using synthetic satellite data derived from cloud models and
radiative transfer models. This is the preferred approach with new sensors and
algorithms. However, it is important to be aware of the impossibility (according to the
current state of the art) of credibly reproducing either the global statistical distribution of
rain cloud properties or the detailed physics of the interaction of rain clouds with
microwave radiation using models alone. Therefore, performance statistics derived from
simulations are primarily of qualitative value, e.g., for assessing the role of spatial
inhomogeneity, etc., in algorithm performance.

3. Error budget analysis applied to the algorithm and modeled input brightness
temperatures. This is currently impractical for precipitation retrievals, owing to the very
large number of variables that would have to be considered, along with our inability to
even guess at the global uncertainties or range of variability associated with many of
these variables. The highly non-linear nature of retrieval problem also reduces the
usefulness of conventional error budget analysis, since one cannot assume that the
cumulative effects of different types of errors combine in a predictable way.

Subsequent sections address each of the first two of the above methods. It must be emphasized
that these results are preliminary and regionally limited and that credible, detailed, global
performance estimates of passive microwave precipitation retrievals remain well beyond the
current state of the art. Furthermore, it must be emphasized that raw performance statistics for a
single algorithm considered in isolation are nearly meaningless, as these statistics may span a
very broad range, depending on the conditions to which the algorithm is subjected. We therefore
strongly advocate a focus on the comparative performance of competing retrieval strategies

applied to identical data sets, whether real or simulated.

3.6.1. Algorithm Performance Over Ocean

3.6.1.1 Empirical Results from SSM/I Algorithm Intercomparisons

Rain rate retrieval results derived using the algorithm of Petty (1995b) applied to SSM/I data
were compared with results from other SSM/I algorithms in two recent major intercomparison
projects. The first of these, the GPCP’s Algorithm 3d Intercomparison Project (AIP-3), validated

over-water rain rate retrievals from a large number of algorithms against instantaneous ship-
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based radar rain rate estimates over a three month period in the Western Tropical Pacific.
Although there remain questions concerning the absolute calibration of the radar rain rates in this
exercise, the space-time correlations of the satellite products with the radar instantaneous rain
rate fields are believed to provide a meaningful basis for comparing the ability of different
algorithms to reproduce patterns of rainfall at 0.5 degree spatial resolution under tropical
conditions. The algorithm of Petty (1995b; identified as ‘PE1’ in Figure 11) yielded a
significantly greater space-time correlation (7=0.78) than any of the other 28 SSM/I algorithms
submitted to AIP-3.
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Figure 11: Selected validation statistics for SSM/I algorithms submitted to the 3d Algorithm
Intercomparison Project (AIP-3). The Petty (1995b) algorithm is identified by “PE1”. The mean
ratio of satellite to radar rainfall is of questionable absolute value owing to concerns about the

absolute calibration of the radar rain rates.

A subsequent intercomparison, the 3D Precipitation Intercomparison Project (PIP-3) focused on
validation of global monthly rainfall retrievals. Over water, there were only two available
validation data sources: (1) a ship-derived climatology of the statistical frequency (not amount)
of precipitation (Petty 1995a; Petty 1997), and (2) a few surface rain gauges on small tropical

atolls in the tropical Pacific ocean. The first data type was useful for evaluating the qualitative
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reasonableness of satellite-derived patterns of rainfall occurrence, while the second was useful
for evaluating the calibration of the retrieved rain amounts in the deep tropics only. Both
statistics for the 12-month intercomparison period are displayed for all competing SSM/I
algorithms in Figure 12. The Petty (1994b) algorithm is identified here as “pur”.  This
algorithm again achieved the highest overall space-time correlation of ocean rainfall patterns
with the ship-derived climatology of fractional-time-raining (FTR), and the second-lowest RMS
difference from monthly atoll gauge totals. Furthermore, it excelled at capturing the seasonal

cycle in precipitation occurrence (see Adler et al. 2001), unlike many of its competitors.
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Figure 12: Selected validation statistics taken from PIP-3. The Petty (1994b) algorithm is

identified as “pur”.

Although these results do not allow detailed quantitative statements to be made about algorithm
performance under varied conditions (in part owing to limitations in the validation data
themselves), they nevertheless lend strong credibility to the retrieval strategy chosen for CMIS.
In view of the CMIS improvements in spatial resolution and channel diversity, there is every
reason to expect that results from this algorithm will be better still than those obtained for the

SSM/I.
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3.6.1.2 Performance Based On Simulated Retrievals

As noted earlier, performance estimates based on simulated retrievals are subject to numerous
caveats, many of these connected with the many known imperfections and errors in both the
atmospheric models and the radiative transfer codes. Nevertheless, we have recently undertaken
the first known end-to-end simulated passive microwave retrievals using a full 3-D radiative
transfer code applied to output from a mesoscale numerical forecast, with realistic sampling and
FOV-averaging designed to mimic the characteristics of the CMIS sensor. The analysis entailed

the following series of steps, with the results from one step feeding into the next:

1. Simulation of an extratropical frontal rainband using the MM5 community mesoscale model.
The scene in question includes a narrow convective band embedded in widespread stratiform
rain. The freezing level varies from 1-2 km in the warm sector to near-surface in the cold sector.
In the latter case, precipitation reaching the surface arrives as a mixture of rain and graupel. The
horizontal model resolution is 3 km and the domain size i1s 198 x 198 km. Two different
microphysical parameterizations are available in the MMS5, each producing very different
hydrometeor and rainfall patterns. We used the parameterization of Tao and Simpson (1993) for
this simulation. The model output included 3-D distributions of hydrometeor concentrations in 5
categories: rain, graupel, snow, ice, and cloud water. Surface precipitation rates were estimated
(for validation purposes) by applying a fall-speed model to the hydrometeor concentrations in the
lowest layer of the model domain. Model output was saved at hourly intervals, covering a 24-
hour period. Only the results in the last few hours of the simulation were utilized in order to

exclude the precipitation “spin-up” time following model initialization.

A notable peculiarity of the simulation results was the occurrence of unrealistically intense
surface precipitation rates (in the form of graupel) of up to 250 mm/hr within a few grid boxes.
In reality, precipitation rates in excess of 150 mm/hr are rarely observed even in the tropics, and
maximum precipitation rates are typically far less still in cold-season cloud systems. This
anomaly highlights the difficulty of achieving realism in 3-D rain cloud structures, even using a

thoroughly tested and widely used community model like the MMS5.

2. Conversion of MM5 hydrometeor output fields to 3-D fields of microwave optical properties.
To accomplish this step, it was necessary to specify an ad hoc relationship between the
concentration of hydrometeor mass in each category and the particle size distribution

(parameterized here via the exponential slope parameter A). For raindrops, the Marshall-Palmer
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relationship was utilized. For other hydrometeor types, such as graupel and snow, other
exponential relationships were utilized, following the general approach described by Petty
(2001b). Once the liquid-equivalent size distribution was specified, it was further necessary to
specify effective particle densities (ice-air ratios) and choose one of three possible formulas for
the effective dielectric constant of a two-component mixture. We arbitrarily chose the
Bruggeman formula. Mie theory (which assumes homogeneous spherical particles) was then
utilized to calculate the combined contributions of all hydrometeors to the volume extinction

coefficient, single-scatter albedo, and scattering asymmetry parameter in each model grid box.

3. Three-dimensional radiative transfer simulations using a Backward Monte Carlo model. The
above 3-D optical properties were input into an updated version of the radiative transfer code
described briefly by Petty (1994a). The widely-used Henyey-Greenstein analytic phase function
was assumed (known to be sub-optimal for describing microwave scattering, but the only
reasonably practical option available). The ocean surface was modeled as a Fresnel surface with
appropriate microwave dielectric constant for seawater. The simulation domain was treated as
periodic for radiative transfer purposes. The model utilized a simplified scalar treatment of
polarization effects due to the ocean surface, as described in Section 4.3. Simulated microwave
imagery was produced at 1 km resolution, so as to resolve possible effects of rain cloud 3-D
geometry on brightness temperatures. These forward radiative transfer calculations were
undertaken for 5 different model time steps, 2 assumptions concerning ice particle size, 5
frequencies, and with/without condensed water mass (in order to establish “cloud-free”
brightness temperature fields for computing the transformed brightness temperature variables P

and §), for a total of 100 distinct simulations.

4. Remapping of high-resolution TB fields and MMY5 surface rain rate fields to CMIS swaths.
Gaussian weighting functions with appropriate half-power widths were used to represent the
effective fields-of-view. The 198 km model domain from the MMS5/radiative transfer model was
replicated periodically to fill the entire 1700 km swath of the CMIS. This ensures that
performance results will include the effects of varying scan and retrieval grid geometry across

the swath (sampling density is higher at the edges than at the center of the swath).
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Figure 13: Simulated CMIS brightness temperature swath data from one time step of the MM5
model run. Only the middle of the swath is shown here. Note the absence of strong scattering at
89 GHz (right panel) despite the presence of large surface precipitation rates at some locations in
the model domain. The lack of an apparent scattering signature appears to be due to very large
amounts of cloud liquid water produced by the model at locations where graupel is also

produced.

5. Execution of retrieval algorithm on simulated CMIS swaths. The algorithm was used to
retrieve surface rain rate patterns at a resolution of 7.5 x 12.5 km (at swath center; higher at
edges). Retrieval results, along with the MM5-derived “validation” rain rates, were averaged
down to nominal 15x15 km reporting cells for comparison purposes. Note that a number of
variables, such as the choice of retrieval channels, the number of iterations, and the choice of
“first guess” rain rate field, all affect the details of the retrieved rain rate field. We have not yet
attempted to optimize these choices, but simply chose the 10, 18, and 36 GHz channels for the
retrieval, with the first-guess rain rate set to zero. A large number of iterations (100) was

allowed in order to ensure maximum convergence.
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Figure 14: Comparison of “actual” (left) and “retrieved” (right) surface rain rate fields, after
averaging of both to 15 km resolution. Note logarithmic color scale spanning three orders of

magnitude. Rain rates below approximately 0.3 mm/hr were below the sensitivity threshold of

the CMIS retrieval algorithm. Also, instances of very high surface precipitation rate in the
model-generated rain rate field are highly localized and could not be resolved by the retrieval

algorithm.
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Figure 15: Results of simulated retrievals. Left panel: Distribution of “actual” rain rates in
MMS simulation, at 15 km resolution. Rain rates in excess of 5 mm/hr were rare and highly
localized. Right panel: Retrieved vs. “actual” rain rates. Solid line represents the average of the
retrievals for each 1 mm/hr “actual” rain rate bin. Dashed lines indicated the standard deviation
above and below the mean. Note that retrieval accuracy and precision are very good below 5
mm/hr. At localized higher rain rates, a systematic underestimate occurs because of “smearing”

of the retrieved rain rate over a larger area than that occupied by the actual rain cells.

3.6.2. Algorithm Performance Over Land

3.6.2.1 Database Used for Determining Algorithm Performance Over Land

In order to efficiently train the neural network, one needs to have a comprehensive, and yet
representative, geophysical database. The non-scattering atmospheric parameters (i.e., the
temperature and water vapor profiles) were picked from the NOAA-88 database. A total of 200
profiles were selected. The land surface temperature is also provided by the NOAA-88 dataset.
The land surface emissivity is selected randomly from Prigent’s database. The original SSM/I
emissivity values of Prigent (1999) are interpolated and extrapolated to the CMIS frequencies.
Two databases are created, one with only snow and ice land emissivity types, and the other
without any snow or ice. The former is representative of winter conditions a from mid-latitudes
to the poles, while the other is primarily of use in the tropics. Further, two sets of these

databases are created, one for training the algorithm and the other for validation.
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Twenty random hydrometeor profiles were associated to each of the 200 NOAA-88 profiles, thus
producing 4000 cases. These hydrometeor profiles consist of liquid and frozen rain-rate profiles,
and a cloud liquid water profile. As described in more detail below, these hydrometeors were
generated following the scheme Kummerow and Giglio (1994) used for their uniqueness study.
Essentially, the RR is selected at random within the required range. The value of RR fixes the
range of cloud liquid water (CLW) and frozen precipitation in the first layer. The concentration

of each constituent in the first layer determines the range of concentrations in the layers above.

3.6.2.1.1 Heritage of Hydrometeor Database

Kummerow and Giglio (1994) developed a rainfall rate retrieval algorithm based upon statistical
inversion techniques. This algorithm takes into account the vertical distribution of the
hydrometeor profiles using a limited set of cloud vertical profiles covering a wide range of likely
raining conditions. The cloud structures consisted of five vertical layers defining the vertical
hydrometeor profiles. The database was constructed by selecting a limited number of cloud
structures (27) and then adding variability to these structures by randomly generating the
parameters of interest (rain rate, surface parameters and fractional beam filling). A plane-parallel
multiple scattering radiative transfer model (RTM) was used to generate the simulated brightness

temperatures.

The 27 structures selected by Kummerow and Giglio consisted of 18 convective and 9 stratiform
precipitations. To account for different climatic regimes, they took the freezing level is taken
between 2 and 4.5 km. Convective structures are defined as those in which a significant amount
of liquid water (cloud water, rain drops) exists above the freezing level. The stratiform structures
are characterized by the absence of liquid drops above the freezing level. In the retrieval
algorithm of Kummerow and Giglio, some preliminary steps are taken prior to performing the
actual multichannel retrieval process, with the goal of reducing the number of potential structures

to test.

In order not to generate structures unlikely to be observed in nature, some constraints were
placed on the hydrometeor profiles (see Figure 16). The model specifies the rain rate, cloud
water, and ice precipitation in up to five layers, from the surface to 12.5 km. The surface layer
rain rate can vary randomly in the range from 0 to 50 mm/h. Rain rates in successively higher
layers decrease and are partially correlated with the layer directly below. Cloud water and ice

precipitation in the lowest layers are related to the surface rain rate; as with the rain rate profile,
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values at higher layers are correlated with the values directly below. While completely arbitrary,
the authors claim that the resulting cloud structures resemble observed structures and represent a
vast array of conceivable, if not realistic vertical structures. The random-but-physically-
constrained database used in their study contained only rainy structures (with cloud water, rain
and precipitating ice) and lacks cloudy-only (precipitation free) situations. This is because their

algorithm pre-processes the cloudy-only structure before starting the actual rainy structure search

algorithm.
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Figure 16: Schematic diagram showing vertical distribution of cloud constituents used for the
generation of hydrometeor profiles (Kummerow and Giglio, 1994). The rain-rate (R) is selected
randomly within a predetermined range using a random number (‘) between 0 and 1. For the

case shown here, the RR falls in the range from 0-20.
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3.6.2.1.2 Hydrometeor Database Description
We adopted the scheme of Kummerow and Giglio used for their uniqueness study, for the
generation of the hydrometeor profiles. We enhanced this scheme with a slight modification to

account for cloudy, but rain-free atmospheres by including an additive term in the cloud amount:

C(1)=(P/64)*R(1)+( ¥*0.1)/(1+R(1))

In this equation C is the cloud amount, ¥ is a random number between 0 and 1, and R is the rain
rate. This equation is written to ensure that for non-raining structures there is still the possibility
of having non-precipitating clouds. On the other hand, the higher the rain rate, the more
negligible the additive term becomes. Table 6 shows the statistics of the different parameters

that constitute the training databases.

CLW (mm) RWP (mm) RR (mm/hr) IWP (mm) LWP (mm)
Mean | 0.86 6.20 25.00 5.04 7.05
Std 0.75 3.40 14.49 3.62 3.90
Range | [0.-3.65] [0.-15.54] [0-50] [0-15] [0.08-18.58]

Table 6: Atmospheric parameters used for generating the geophysical dataset (ice included). The
statistics are shown for the cloud liquid water (CLW), the rain water path (RWP), the surface
rainfall rate (RR) and the ice water path (IWP) and the liquid water path (LWP).

In a later paper, just before the launch of the Tropical Rainfall Measuring Mission (TRMM) for
which the algorithm was designated, Kummerow et al. (1996) used a different and more
sophisticated approach to generate the database. In this approach the hydrometeor profiles came
from many realizations of the nonhydrostatic Goddard Cumulus Ensemble (GCE) model, instead
of the randomly generated dataset, and the brightness temperatures were computed using a
detailed 3D radiative transfer model. Their model, referred as the Goddard Profiling Algorithm
(GPROF), is based upon a Bayesian approach and was at that time applicable only to tropical
environments due to lack of cloud dynamical model simulations. The conservation equations for
two liquid water species (cloud and rain drops) and three ice-phase species (ice, snow and
graupel) were included in the formulation. While the main advantage of using dynamic models

for the generation of the database is that the microphysical processes are well represented, the
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drawback is their limited global applicability. One of the conclusions of the 1996 paper was that
the overall performance of GPROF when applied to real SSM/I data was found to be similar to
the previous algorithm developed using hypothetical structures, rather than those dynamically
derived from the GCE model. This result gives us confidence in the scheme we have adopted for

the random generation of the hydrometeor profiles for CMIS performance estimates.

3.6.2.2 Land Performance Results

As stated previously, several combinations of retrieval parameters were tested. The results are
given in Table 7 and Table 8. In an attempt to improve the retrieval results, tests were also
performed using subsets of the CMIS channels. These simulations were done using a random
variation of the surface emissivity for snow- and ice-free conditions. The sensor noise
corresponds to that obtained with a spatial resolution of 15 km. A comparison is also made
between an algorithm using only the brightness temperatures (Tbs) and an algorithm using the
brightness temperature depressions, which are the multi-channel brightness temperature
anomalies relative to the precipitation-free background emission (see Section 3.4.2). The results
show that the highest precision is obtained using all channels instead of just the sounding-only or
window-only channels, with only a minor difference between using Tbs depressions rather than
the Tbs themselves. Finally, there is a slight improvement in retrieving the rain rate along with

the IWP and LWP.

Detailed performance estimates for land conditions are shown in Figure 17 over the required
rain-rate range. However, saturation of the channels occurs for the higher values of rain-rate,
thus decreasing the skill of the retrieval. This is seen most clearly in Figure 17 where the scatter
plot becomes much more horizontal at about 25 mm/hr. A more reasonable approach, which
provides more physically meaningful results, is to determine the retrieval performance for the
region where there is retrieval skill. In Figure 18 the performance is calculated only for the low

rain-rate cases, and the results are much better.
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(a) Precision (mm/hr) of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only 9.851 11.248 10.732
Tbs depressions 9.977 11.079 11.298

(b) Accuracy (mm/hr) of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only -0.007 -0.221 0.329
Tbs depressions 0.088 -0.574 0.152

(c) Correlation factor of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only 0.745 0.647 0.686
Tbs depressions 0.737 0.662 0.643

Table 7: (a) Precision, (b) accuracy, and (c) correlation results of the neural-net retrieval of the

RR alone.
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(a) Precision (mm/hr) of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only 9.676 11.333 10.448
Tbs depressions 9.674 10.991 10.329

(b) Accuracy (mm/hr) of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only -0.089 -0.207 0.263
Tbs depressions 0.026 -0.575 0.158

(c) Correlation factor of the RR retrieval algorithm:

All Channels Sounding channels Window channels
Tbs only 0.755 0.640 0.706
Tbs depressions 0.755 0.668 0.714

Table 8: (a) Precision, (b) accuracy, and (c) correlation results of the neural-net retrieval of the

RR along with IWP and LWP.
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scatterplot for the RR retrieval with the simultaneous retrieval of LWP and IWP. This
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Figure 18: Detailed stratified performance estimates of (a) precision, (b) accuracy, and (c) the
scatterplot for the RR retrieval with the simultaneous retrieval of LWP and IWP. This figure is
the same as the previous figure except that performance is only calculated for low values of rain-

rate.

3.6.2.2.1 Stratification of Performance by Surface Type

For the retrieval results presented above the neural-net was trained on a global set of emissivity
types, and the retrievals were performed for a random set of emissivity values. To be sure that
these results are representative for a specific emissivity type, the retrievals were also performed
on specific emissivity classes, namely “ice” and “snow”. These results are shown in Figure 19
and Figure 20, and are very similar to the results in Figure 17. Thus the set of statistics for the
random global emissivity test set are representative of each land surface type when the global set

is applied to specific regions.
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ALGORITHM DESCRIPTION

The retrieval results presented above do not meet the threshold requirements for the retrieval of
rain-rate. However, those tests were conducted using a set of test profiles that included a random
set of surface emissivity values. Operationally the algorithm will have access to a dynamic
database of surface emissivity, and the retrieval may be constrained to a particular type of
emissivity spectrum. Tests will be conducted to evaluate the impact of surface knowledge, as

well as misclassification of the emissivity type.
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Figure 19: Detailed performance estimates of (a) precision, (b) accuracy, and (c) scatterplot for